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Photovoltaics, along with other renewable-energy technologies, is a rapidly growing sector of the energy market. 
Photovoltaic Systems, Second Edition, is a comprehensive guide to the design, installation, and evaluation of resi- 
dential and commercial photovoltaic (PV) systems. The textbook covers the principles of photovoltaics and how to 
effectively incorporate PV systems into stand-alone or interconnected electrical systems. The content includes sys- 
tem advantages and disadvantages, site evaluation, component operation, system design and sizing, and installation 
requirements and recommended practices. Common scenarios and procedures are discussed throughout. 


Each chapter begins with an overview of the covered material in the form of an introduction and chapter objectives. 
At the end of each chapter is a summary of key concepts, a listing of all definitions from that chapter, and review 
questions. Answers to odd-numbered review questions are included at the end of the book. 


This new edition adds more detail to many illustrations, updates photographs, includes more review questions, 
and features the following significant content changes: 
* Updated electrical requirements in accordance with the 2008 edition of the National Electrical Code? 
* Expanded solar radiation and sun position content 
* New and expanded coverage of various shading analysis methods 
* Expanded safety and personal protective equipment (PPE) content 


The Photovoltaic Systems, Second Edition, CD-ROM included at the back of the book features interactive re- 
sources for independent study to enhance learning, including Quick Quizzes, an Illustrated Glossary, Media Clips, 
Flash Cards, several solar resources, and a link to ATPeResources.com. The Quick Quizzes? provide an interactive 
review of key topics covered in each chapter. The Illustrated Glossary is a helpful reference to textbook definitions, 
with select terms linked to illustrations and media clips that augment the definition provided. 


The solar resources are electronic resources for evaluating potential installation sites and for sizing PV systems, 
and include the following: 


* Solar Radiation Data Sets, which include the National Renewable Energy Laboratory's complete solar radiation 
data for 239 sites around the United States in easily printable PDF format. 

* Sun Path Charts, which are printable PDF charts of solar positions for selected latitudes. The related sun path 
chart spreadsheet can calculate additional charts as needed. 

* Forms and Worksheets, which include a sample site survey form, inspection checklist, maintenance plan, and a 
set of sizing and financial analysis worksheets, all in PDF format. The sizing and analysis worksheets are also 
included in spreadsheet files that automatically perform calculations. 

* Solar Time Calculator, which facilitates the conversion between standard time and solar time that is required for 
some solar analyses. 


ATPeResources.com provides access to additional online technical content and a list of Internet links to manu- 
facturer, organization, government, and American Tech resources. Clicking on the American Tech web site button 
(www.go2atp.com) or the American Tech logo accesses information on related training products. 
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photoyoliaics. Consumer may not knew what 
types of systems are available, or even that 2 
solar energy system could be successful for 
their application or locaton. Consumers who 
wish to install a PV system may discover that 
the industry Tafrestroctóne In their area is not 
yet fully developed to support their instal- 
lation. It may be difficule to fod a qualified 
installer in their area, or thelr installation may 
te hindered by limuted knowledge of PV zys- 
tents and their requirements among the focal 
vlijes and onde officials. 

Many leaders in the PV industry ues ad- 
dressing these issues in sn effort to promote 
PY sysiems. Public and private organizations, 
panicularty stae end federal poveraments, 
are subsidizing PV installstions in an effort 
to offset the additional caste and promote 
the use of “green” electrical power, Research 
stitudons and manufacturers ate working on 
new PV technologies to increase the efliciency 
of cells ead modes so that more energy can 
be produced by smaller arrays or in locations 
with a bess favorable solar eadiatioo re«ounce. 


The addition of phosphorous, which tws 
live valenoc electrons, to silicon asuks ín an 
electron it the Focas where the phosphorous 
hands to the silicon. This electron is only 
icakly bound to the phosphorous atom and 
canbe casily inuluced to move stiroughihe ma- 
deret, bts considered a mapative charye carrier 
An newpe semiconductor & 2 semixondactor 
that has fece electrons, 


Photovaltale Eflect 
‘The basic physical process by which PV vell 
oneris light into electricity is known as the 
phyotavotunc effect. The photovoltale effect is 
the movement of electrons within z material 
when it absorbs photons with energy above 
sernin level. A photon is a unit of electro- 
inion, Phoxons comain vations 
pling on their wavs- 
Ddiod with 


tons of light transfer their 

In the niaterial surface, The extra electrons 
swith enough energy (escape from their soma 
re comtuctsd as an electric current. Because 
of theeltetnc result, the photovoliak effoct is 
alsa sometimes called the photoelectric effcer, 
See Figure $4, 


-Photovoltaic Efect. — 


Py codi ce meeeg sacia of crystatinn saeconchuciors covsed wm A grid of 
mara taas. 


APV celtis a thin, Bat wafer consisting ofa 
pn jumetion. A pon junction fs tho boundity of 
adjocent layers of p-type and s-type semicon: 
gfoctoc materials in contact with one another, 

ioe een junction Is illuminated, high- 
pid at he junction import 
tbeir emg 


moving the electrons fo a higi 

“The electrons gale potenttal energy and are in 
a position to do useful work before returning to 
a lower energy sie, 


Moat importantly, the: 


Ticity, teirig 
legistation, pide 


Electricity Distribut 


the end vit. The grid regions nay be connected 
togather sothot consumers vT kave power f part 
of the distribuon system bevalis down. Outages, 
Abongh rare, do sill occor, often due to an over- 
loxied system or severe weather events. 


Figur 1-4 A viityconecied PV system sos nosi common system confgunaon. Vario oct 
csl components control, ecodiion, aad distribute the power lo on-ske lads, 
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Factoids provide interesting 
technical tips or 
background information. 


cry eel ded of its BENE ea 


SP to present guli 


pone e a e e 


Bunthdrava! load can be 


Vis esed to miming a bracket 
aS trough the combined 
tl, shingles or other roof 
inc, and deexiog, which 
soit add up t€ mee than IM, TH: mean that 
roughly 17 of tbe length of the screw is not 
frubodded in the rafter. The thickness of these 
materials mest be accounted for in the length of 
the screw and the bread penetration dept. 

Bolts. Bolts are often wed to secure modules 
to mounts, end mounting systems zAámfactese. 


specify (or sometimes inclite) the best size 


Bohs or threaded rods can atro bos 
the mounts to 2 fxíkfing ox , 
and types of fastencnsd 


s required length from long places, and 
Bed at both ends. Flat washers spread the 

from n hex hond oc nut over à larger area, 
Block washers or special toch nots Keep the 
from looscning. Antivelzz compounds 
Prighly recommender for stainless steel aci 
and erose-threading and 
can facilitate servicing and disssscmbly as re- 
quiced. Bolts and threaded rods are ctssified by 
the mocliatical fouls thay can handie. Typical 
holt diameters include V^, YW”, aad 34”. 


sfirodoh conductors in order Io cecombxne vh 


Detailed, full-color 


illustrations explain the 
principles and operation 
af PV systems. 
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Attacbiag mounts to a roof with bolts 
produces a stronger attachment than with lag 
screws, but tequires access to spaces under ths 
roof. Bolte cannot be fastened into rof traves 
or rafters like lag screws, but also should noL 
be fastened to the root dech Ing alone, Blocking 
and sponning are techniques used ig strengthen 
boit attachments, 

Blocking is the addition of lumber under a 
roof surface and between trusses oc rafters as 
supplemental structural suppor. See Figure 
10-24, Boards for blocking are short pleces of 
2x4 or 2x 6 lumber thai ure nailed or serewed. 
{nto the rafters with at feast two fasteners on 
each side, By stacklag two blocking boards, 
tog screws uc bolts can be supported when 
required sachment points do not match rafler 
locations, 

Spanning is the addition of lumber under 
3 noof surface an! eens Trussos or nallery as. 
Supplemental structural support, See Figure. 
10-25. Sparniers are onty used for bolt-type fas- 
teneri, usually long threaded rods, and require 
intermediate blocking between the spanner and 
underside ef the roof dock to keep the spanner 
from heowing wder applied lands, 
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y et tightening 
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»mmánd tightening tastenors to certain torau 


seners since 


pesto 


Chapter introductions 
provide an overview of 
chapter content. 
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“Site Surveusj. and 
Prenlanning 


Enait the functon of an energy auct and tantly opportuni or corsario and eoasgy cnc 
identity factors to, be zonéidered when preparing & proposal, inching estimates dor cost, sima, 
 partoemsance, 19d value of t PV system. 


Chapter objectives list 
learning goals for 
the chapter. 


Installation photographs 
depict best practices. 


Summaries highlight 
the keu concepts of 
the chanter. 


Review questions test for 
chapter comprehension. 


However, an Indirect use of solor chemical 
energy is through biofocls. Prams grow and 
produce chemicals by outing solar energy. 
Many of the oils found in plac scede are chen- 
feally sérndae to petroleum end can be simitarly 
refined into feels, For example, biodicsel is a 
fuel thac van be mide from sources auch as 
soybeans, waste vegetable oll, or even animal 
fats. and is compatible wh any existing dho- 
sel engine, Biodiesel also bums cleaner than 
petroleum-based diesel, Similarly, ethanol 
fuel can be producetl from onm and bumed i. 
modified gasotinc engines. 


Solar Lighting 


and easier than using grid electric 
the methods could be comi 
of solar architectural desliga, « 
placement, but solae fighting cas 
Specia) materials ox components 
ditional light indoors. Porexampt 
Hight pipes can bring suntighs 

indoor spase and from any di 


otovaltuics (PV) is a salar enungy technology that tes the baigoe 
hone, solar radiation into ekecaricity, d 
* sy advantages and benefits add value 10 PV systems beyeed the potential 
9 Phetovnttaics is an environmentally friendly technology that causes oo 
© Currently, the most signiticant disadvantage of PV systems Is the high inii 
competing power-generating technologies. k 
* The photovoltaic effect was disonvered Inng before ft was weed for the 
+ Improvements ín cell eficienzies ant! manufacturing methods arc reducing] 
+ Higher costs for conventional electcíty-generating ictmologíes help maki: 
systeme more cast-eflecuve x 
*— Space applications wen (he first practical nse of PV technology, 
+ PY systems are particularly well-suited for poctable and remote applicati 
* Supplenenial power systems are the fastest-growing applicaiion of PV sy vh 
+ Vllity-scale PV power plants are not vet conunon, bot are being studied fue. 
+ There ace many levels of business and organizations that support the PV j 
* Skalke Installers are critica! for quahty installations and pood public 
© Goverment renewable energy policies support fanher development and 
+ Vist-plste collectors absorb solar caargy: from many directions on a fat surfs 
+ Chocenteating colfoctors focus volar radiation tom 3 large area omo 4 5 
cells or heat. absorbing materials. Y 
+ Inegraug solar energy design techniques into architecture fa an example of a; 
© Solar thermal enctgy is en efficient use of solar radiation that can be ill 


* Solar thermal energy can be comested into electricity, thouyh only on a li 
residential and cóminercial applications, E 
* Sunlight can be used for natural lighting in almost any indoor space by using 


Solar fighting includes equipment and tech- 
‘ques to direct natura! lighting inte a building. 
Trcreusing tho amous of natura! fight indoors. 
ot daylighting. & more environmentally sound. 


Ground 


Jemology 


Ferma Sor the conductors ani paris in à grounding sywen con be confusing but most be 
sysio, 


well undertícod to preporly wire an ciectical 
electrical 


tatrying conductor thas Is intertionalty 
grounded, In an AC system, this corvdactor 
is often: called Ina neutra conductor, in & 
DO sysism, this cenducvor is ussolly the 
nete conductor. 

The equipment grounding condoctor 
(EGO) i a condudor 


eiecirode. 
nat normally cacty current. Grounding 
conductors trom various branch circus 


f. Winch connects the 
rounding system to the grounded (nera) 
conduciar, 


» This terminology i& she ramo for al 


An. ungrounded coractor is A eutsenticatmying conductor thal Fuse no connection t9 
rturd. These conductors are also referred to as ‘hot conductors. 


‘The DC geoundang connection may be made 
al any single point on the PV omtput cucu. 
Mutiple DC grounding connections avist he 
sexed, as they provide an stternste path for 
Currcat to Bow amd may cause some ground- 
fault protection devices to pece improperly, 
Shooe the extent of the PY oupa evenit is 
Biftek to define. conscetions en either aide 
Of à DC disconnect or charge conuvilor are 
generally considered acceptable Grounding 
enmnections close fo the PV power Youre pet. 
vide the system with better protection against 
lightning sanget, but may bc more complex ta 
afisiall, Common grousdüry points ín the DC 
irc are m the sontec-circuit combiner box 
amd at the umerter 


AC and DC Grounding. Mou PV systems 
invade beth AC and DC, which involves the 
inoetponnion of die grmding cequiromens 


TUNER 


lor these portions of the PY syaem Since the 
DC grounded conductor ts net directly om- 
nécied 1 the AC griainded comductur, they 
ae connidesed separe systems, These iwo 
grounding systems must be bonded together 
See Figure 11-90, Thete are two acorptabte 
medad nf meeting this requirement. 

In the first method, sepana AC and DC 
grounding electrodes are coniected with the 
bonding conductor The booting vondnetor 
must be na smaller than the larger af the two 
gitvanding elecomde conductors, i either die 
AC ve DC yrouteíog system. 

Jo the second method. the DC grounding 
system ís bonded w die AC grounding «yaem. 
which is then connected to 3 single grounding 
Gatroderhrough an AC gcotinding electrode 
xmdactor This method uatatly was the exist 
Jing grounding cioctrinte for the buildnag’s AC 
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Photovoltaics is 8 solar energy technology thal uses the unique properties uf certian semiconductors to di- 


rectly convert solar radiation into electri 


A photoraltale (PV) system is an electrical systent consisting of a PV module ray and other electrical 


components needed to convert solar energy into elec 


usable by fonds. 


A load is o picot of oquipment that comumes electricity, 


A utility is a company that produces and/or distributes electneity to ponsumers in a certain regi 


u Oc state, 


"The grid is the utitily's newark of conductors, subsatioris, aid equipment that disutbutes eloctticily from. 


its central generation piat to the consume, 


* Distributed generation Vx a sytem jn which many smaller power-generating systems creste ekectricat power 


near the point of consumption. 


A bulence-of-sysiem (BOS) component is ati civctrical or structural component, aside from » mame com- 


ponent, that i» required to complete à PV system, 


‘An integrator iva business that designs, burkis, and installs complete PV systemes for particulur applications 
by matching components from various nisnufactarers. 


An authority Raving jurisdiction (AH JI) is en organan, offio:, or idividust extenated by kocal gosera- 


eot with koyal powers to ndmftlster, iple quoi, und enforce building codex. 
A solar energy collector is a device designad to absorb solar radiation and convert itt 


heat or electricity. 


s 
+ A flat tate collector iva solar energy collector that absorbs solar energy on a flat surface wit 
ing it, and can utilize solar radiztion deve from the sun as well 3» radiation that ix reflected 


Mamnmmue pamm imp meas n cis Iwan mi 


by clouds and other surfaces. 


A concentrating collecter is x solar energy callector that enhances sotar 


area theough teffective surfaces or lenses. 


her form. nésally 


joentrat- 
wet 


energy by focusing it on a mali 
` 


Concentrating solar power (CSP) is  lechitologs thak utes mirrors and Senses bo reflect and concentrate 
star radiation from à Lange ares onio a small area. 


1. Compare the advantages nt disadvantages of installing a PV system, 
2. Compare the design peiorities of PV systems for space. portable, and supplemental-power spplications. 


4, What Is the role of an integeator? 


|, What are some advantages to using PV technology to build utility-scate power plants? 


$. How fs installer taining vital to the continued growth of the PV industry? 
6, Haw are goverament policies being used to encooruge development of renewable enemy techies? 
7, Why are concentrailig collectors tiore eificlemt than Eat-plito collectors? 


& Explain the two main technologies that can couvert solar raham inte electricity. 


Vignettes supplement 

the text with additional 

technical, historical, or 
safety information. 
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Location: Dorchesior, kA (42.9°N, 71,1*W) 

Type ot System: Unity-interactive hybrid 

Peak Array Power: 5.3 kW OC 

Dato of Installation: December 2002 

Inateliora: Apprentices and journeyman 
Purposes: Training. community awareness, supplemental etecirical power 


f ASIBEW Local 103 In tha Boston area has learned, PV and 
td power complement anch oiher quite welt. Bang located 
nex Vo B busy txpresoway, he Local took the opportunity lo. 
thowraee iis members Technical expertise by installing first 
a PV system, nod inter a wind turbina, on 1 proparty. 
The PV aay i$ mounted on the corp wall surrounding 
tha air condoning equipment on the roof of the buksing. 
‘The vartical onontation is not optimal for electricity pradue- 
| on. but otier athar advantages. The walls an estabtished 
P surta (requiring imie adaiional mounting Kruche) that 
is readily accoesibia and is easdy visite Irom te ground 
and the neaby expressway. Since a prmnry reason for 
Instaling the system was to increase pubtic ewarengss of 
Tenewabie energy technologies, tho array localton i idea, 
The air conditioning enclosure also protects the junction ^ feptesantative rom Local 103 explains tm sisciical 
puse Baconile aii ket tno acing AC peier cg een manera E 
da routed inte the main service panal inde the building, 1 
3n May 2005, Local 103 compiated lostaliation of ihe lirst wind turbine in tho cty of Boston, The wind turbine 
stands over 114 ted, with three 34-iong blades, and has a rted power output of 100 kW. Tho generator wind- 
inga sra excited by vity volage, 89 the three-phasa AC power output is automatically synchronized Ip ulity 
bower. The AC power ia thar routed lo the main gigctrical service of tha buding, Sinos the outpul Irom the PV. 
Aystom and tho wind turbine combine ordy ai the AL Svr side at the building's main electrical service, this is 
an AC bus system. 
Data from the man contrater ol he wand turbine (e. routed info the bulking, wharo it ie monitored and 
played Statistics trom Ihe turbine are avaitablo on LA. Ik 103's wob sta. 


a JEW laced IR) 
KO menter asiste h signing ine Dies 24 torg abo 
Mot gerecator section of be mid Nbne 


Case studies spotlight 
unique or chapter-relevant 
aspects of installed 
PV sustems. 


Keu terms are listed at the 
end of the chapter. 


Mr. Jim Dunlop was encouraged early to pursue a career in the electrical field by his high school electrical shop 
teacher George Patrick Shultz (author of several early NJATC textbooks), and when he attended the University of 
Florida, he planned to study electrical engineering. Jim's early experiences, however, led him into renewable energy 
systems. He was also influenced by courses on solar energy systems and direct energy conversion taught by renew- 
able energy pioneer Dr. Erich Farber, founder of the University of Florida's Solar Energy Research Park. 


Beginning his career at the Florida Solar Energy Center (FSEC), Jim became involved in the development and 
evaluation of photovoltaic (PV) systems, which had recently been included in the 1984 National Electrical Code®. 
Over his twenty-year career at FSEC under Director Jerry Ventre, Jim was involved in developing curricula and 
delivering numerous training programs on PV systems. In 2001, he led FSEC’s efforts in attaining national accredi- 
tation for its PV training programs. 


From 2001 to 2002, Jim served as the charter technical committee chairperson for the North American Board of 
Certified Energy Practitioners (NABCEP). As of 2005, Jim is again leading this committee. This position involves 
developing candidate entry requirements, task analyses, examinations, and study guides for a national PV-installer 
certification program. 


In 2001, Jim became the first Master Trainer in PV systems certified by the Institute for Sustainable Power 
worldwide. In addition to creating training manuals and instructor materials, he has published over fifty papers and 
technical reports on the design, testing, and evaluation of PV systems and equipment. Jim recently served as a Cur- 
riculum Specialist for the NJATC and continues to be involved in the PV industry through providing training and 
consulting services for the specification, design, installation, and evaluation of PV systems. 


Chapter Objectives 


* Compare the advantages and disadvantages of installing a PV system. 

* Understand some of the factors that have motivated the growth of PV technology worldwide. 
* Evaluate the design priorities for PV systems in different types of applications. 

* Describe the primary levels of the PV industry and how they interact. 

* Understand why it is important for installers to be well trained. 

* Differentiate between flat-plate collectors and concentrating collectors. 

* Understand how the different types of solar energy technologies utilize solar radiation. 


2 Photovoltaic Systems 


PHOTOVOLTAICS 


Photovoltaics is a solar energy technology 
that uses the unique properties of certain semi- 
conductors to directly convert solar radiation 
into electricity. Photovoltaic (PV) systems use 
wafers, typically made of crystalline silicon, 
that are sensitive to sunlight and produce a 
small direct current when exposed to light. 
When these PV cells, also known as solar 
cells, are combined into larger arrangements 
called modules, they produce an appreciable 
amount of electrical power with no moving 
parts, noise, or emissions. 


A photovoltaic (PV) system is an electrical 
system consisting of aPV module array and oth- 
er electrical components needed to convert solar 
energy into electricity usable by loads. These 
components can be arranged in many ways to 
design PV systems for different situations, but 
the most common configuration is a utility- 
connected system, which is found on com- 
mercial and residential buildings. See Figure 
1-1. These PV systems may or may not include 
battery storage. The array is usually mounted 
on a rooftop or nearby on the ground. 

Electrical components, such as inverters, 
charge controllers, and disconnects, control 
and condition the DC power from the array 
and either direct it to DC loads or convert it 
to AC power for use by AC loads. Some of 
these component functions may instead be 
combined together into one power condition- 
ing unit (PCU). A load is a piece of equipment 
that consumes electricity. Examples of loads 
include lights, pumps, heaters, motors, and 
electronics. 


DOE/NREL, Altair Energy 


PV systems are also commonly known as solar electric systems. 


Advantages 


Electricity supplied by a PV system displaces 
electricity from some other power-generating 
technology. If the alternative is very expensive, 
such as a utility connection to a remote location, 
then the PV system may save the consumer a 
great deal of money. However, other advan- 
tages and bcnefits of PV systems add value 
beyond the potential financial savings. Many 
PV system owners place a high importance on 
producing clean “green” energy. Photovoltaics 
is an environmentally friendly technology that 
produces energy with no noise or pollution. For 
some owners, operating a PV system makes a 
statement about protecting the environment and 
conserving nonrenewable energy sources. 

Also, PV systems are very flexible and can 
be adapted to many different applications. 
The modular nature of PV arrays and other 
components make systems easy to expand for 
increased capacity. Since there are no moving 
parts, PV systems are extremely reliable and 
last a long time with minimal maintenance. 

PV systems also offer energy independence. 
A supplemental PV system reduces the consum- 
er’s vulnerability to utility power outages, and a 
stand-alone system eliminates it. Furthermore, 
sunlight is a renewable energy source that is 
free and readily available. As conventionally 
produced electricity is expected to become more 
expensive and PV system costs are generally de- 
creasing, PV systems can also be used to hedge 
against future energy rate increases. 


Disadvantages 


There are, however, some disadvantages to 
PV systems that have somewhat limited their 
use. Currently, the most significant issue is the 
high initial cost of a PV system compared to 
prices for competing power-generating tech- 
nologies (when available). PV systems also 
require a relatively large array area to produce 
a significant amount of power. The available 
solar radiation resource at a particular loca- 
tion determines the feasibility of producing 
appreciable amounts of power. 

There is also a lack of knowledge among 
some groups and in some areas about the 
potential of solar energy systems, particularly 


photovoltaics. Consumers may not know what 
types of systems are available, or even that a 
solar energy system could be successful for 
their application or location. Consumers who 
wish to install a PV system may discover that 
the industry infrastructure in their area is not 
yet fully developed to support their instal- 
lation. It may be difficult to find a qualified 
installer in their area, or their installation may 
be hindered by limited knowledge of PV sys- 
tems and their requirements among the local 
utilities and code officials. 


Many leaders in the PV industry are ad- 
dressing these issues in an effort to promote 
PV systems. Public and private organizations, 
particularly state and federal governments, 
are subsidizing PV installations in an effort 
to offset the additional costs and promote 
the use of “green” electrical power. Research 
institutions and manufacturers are working on 
new PV technologies to increase the efficiency 
of cells and modules so that more energy can 
be produced by smaller arrays or in locations 
with a less-favorable solar radiation resource. 
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Most importantly, the industry as a whole is 
involved in educating the public and related 
organizations about solar energy, through pub- 
licity, training programs, cooperative projects, 
legislation, incentives, and other activities. 


Electricity Distribution 


Most electricity is distributed through an electri- 
cal utility grid to millions of customers from a 
relatively small number of large power plants. 
A utility is a company that produces and/or 
distributes electricity to consumers in a certain 
region or state. The grid is the utility’s network 
of conductors, substations, and equipment that 
distributes electricity from its central generation 
point to the consumer. See Figure 1-2. The grid 
fans out from the power plants to thousands of 
homes and businesses within a region. Electricity 
may travel hundreds of miles before it reaches 
the end user. The grid regions may be connected 
together so that consumers still have power if part 
of the distribution system breaks down. Outages, 
though rare, do still occur, often due to an over- 
loaded system or severe weather events. 
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Figure 1-1. A utility-connected PV system is the most common system configuration. Various electri- 
cal components control, condition, and distribute the power to on-site loads. 
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Figure 1-2. An electric utility produces electricity at a power plant and distributes it to consumers 


through power lines, substations, and transformers. 


Distributed generation is a system in which 
many smaller power-generating systems create 
electrical power near the point of consumption. 
The electricity may travel only a few feet to the 
loads, which avoids the losses from long trans- 
mission lines. Distributed generation systems 
can include PV systems, wind turbines, engine 
generators, or other relatively small-scale 


power systems. See Figure 1-3. A distributed 
generation system may serve as the only source 
of power for the consumer (a stand-alone 
system), or as backup or supplemental power 
for a utility grid connection. If consumers are 
connected to the utility grid, excess power can 
be distributed to the grid if it is not needed by 
the on-site loads. 
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Figure 1-3. Distributed generation systems produce electricity close to where it is used. 


Development The resistance was inversely proportional 
to the intensity of the light. See Figure 1-4. 
This observation of photoconductivity led to 
experimentation on how to use selenium to 
utilize solar energy. 


PV technology has been developing for more 
than 160 years, but has progressed exponen- 
tially in the last few decades. Photovoltaics has 
only recently become a practical technology 
for power generation. 


Invention. Edmund Becquerel, a French 
physicist, is credited with discovering the 
photovoltaic effect in 1839. The nineteen-year- 
old scientist observed an increase in electron 
emissions between a pair of electrodes sub- 
merged in a conductive solution when the ex- 
periment was exposed to light. However, there 
was little practical application for electricity at 
the time, and the discovery went unutilized. 
In 1873, British engineer Willoughby Smith 
observed the light sensitivity of selenium while 
testing materials for underwater telegraph 
cables. In the absence of light, selenium ex- 


hibited high resistance, but when exposed to DOE/NREL, Canyonlands Needles Outpost 


PLE 


li ght, selenium became highly conductive. Distributed generation systems provide electrical power in remote locations. 
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Power Generation 


Direct energy conversion systems produce electrical power in one process. For example, fuel 
cells use electrochemical processes to convert hydrogen and oxygen into electrical energy, 
and photovoltaics use semiconductor properties to produce power from sunlight. 

However, most power is generated by converting energy from one form to another in 
multiple processes until it ultimately becomes useful energy in the form of electricity. For 
example, coal-fired power plants change chemical energy (energy in the chemical bonds of 
coal) into heat energy by combustion. The heat energy is applied to water, which becomes 
steam, another form of heat energy. The steam is routed to turbines where it moves the 
blades, which rotate a shaft, producing mechanical energy. The shaft drives a generator that 
uses the mechanical energy together with magnetic energy to produce electricity. 

Steam is the most common method of converting heat energy into mechanical energy 
and ultimately electricity and is used in many types of power plants. Nuclear power plants 
convert atomic energy into heat energy, which creates electricity by way of steam. Many 
other fossil-fuel-powered processes also use steam for energy conversion. 

Energy sources that begin with mechanical energy, however, do not include steam or 
heat energy in the conversion cycle. In hydroelectric plants, water pressure and flow drives 
the turbine-generators. Turbine-generators can also be driven by wind or tidal power, or 
even the movement of fluids in solar thermal systems. 

No energy conversion is 100% efficient. That is, there is always some energy that does 
not convert to a new form or is lost through byproducts or waste heat. The energy is not 
destroyed, but it escapes the system and does no useful work. 


In 1954, Darryl Chapin and other researchers 
at Bell Laboratories were investigating the use of 
PV cells as a power source for remote telephone 
service stations, but their efforts to improve sele- 
nium cells were unsuccessful. At the same time 
and independently, fellow Bell researchers Calvin 
Fuller and Gordon Pearson were investigating 
silicon for use in transistors and rectifiers. They 
discovered that not only could adding certain 
impurities improve the desired electrical quali- 
ties for the transistors and rectifiers, but that this 
modified silicon rectifier produced an appreciable 
electric current when exposed to light. Fuller, 


i Selenium Photoconductive Cells 


Figure 1-4. Selenium photoconductive cells are 
commonly used in light-sensing electronics, such 
as exposure timing circuits in cameras. 


The first true PV cells were developed by 
American inventor Charles Fritts in 1883. He 
covered a selenium wafer with transparent gold 
film, which produced a tiny current. However, 
its maximum efficiency never exceeded 1%, 
so it was considered impractical for power 
generation. Also, selenium is a relatively rare 
element, making the production of cells pro- 
hibitively expensive. 


Chapin, and Pearson subsequently collaborated 
and improved the silicon cell into the first useful 
PV cell. See Figure 1-5. The first cells had ef- 
ficiencies of up to 670—unimpressive by today’s 
standards, but a significant improvement over 
selenium. Bell Laboratories called the invention 
a "solar battery" and conservatively envisioned 
its application as powering small or remote 
electrical systems. 


Growth. The space race in the 1950s and 1960s 
spurred the development of space technologies, 
including photovoltaics. PV cells were ideal 
power generators for satellites and spacecraft 


because of the complexity of supplying power 
by other means and the abundant solar resource 
available outside Earth's atmosphere. Cells 
were first developed for the Vanguard I satellite 
in 1958 and have been used on nearly every 
spacecraft and satellite since. 


« Invention of the PV Cell 
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Figure 1-5. The first practical photovoltaic cell 
was invented at Bell Laboratories in 1954. 


The first common Earth-based applications 
were in rural telephone systems and radio 
transmitters. See Figure 1-6. These systems 
brought communications to remote communi- 
ties, especially in developing countries where 
the lack of electrical infrastructure made solar 
energy an ideal solution. Many applications 
of photovoltaics significantly improved life 
in developing countries, such as by providing 
power to pump water for sanitation and irriga- 
tion, filter water for drinking, light schools, and 
refrigerate medicines. 

Further improvements in cell efficiency and 
refinements in cell manufacturing made PV 
technology a viable option for larger systems. 
Off-grid homeowners living in remote areas 
began incorporating PV systems into their 
homes as a way to enjoy the convenience of 
modern appliances while maintaining their 
secluded lifestyle. There were also consum- 
ers who saw merit beyond financial factors in 
“sreen” PV electricity. These markets were 
relatively small, but fostered steady growth in 
PV technology for many years. 
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Figure 1-6. Rural communications systems in 
the 1950s were the first terrestrial applications 
of PV technology. 


Energy Crises. Oil shortages in the 1970s in- 
creased interest in Earth-based PV applications. 
The U.S. government initiated PV research and 
development projects and established what 
would become the National Renewable Energy 
Laboratory (NREL). Significant developments 
were made in PV technology, materials, invert- 
ers, and interactive systems, and federal legisla- 
tion introduced tax credits to promote renewable 
energy production. Significant financial incen- 
tive programs are available to consumers in the 
United States, Europe, and Japan to encourage 
use of PV technology. 

In 1960, solar cells were handmade and 
cost about $1000 per watt. Manufacturing 
improvements have reduced end-user costs 
to less than $4 per watt, while production 
has grown exponentially. See Figure 1-7. 
Meanwhile, fossil fuel costs have increased 
as finite supplies have dwindled or become 
more difficult to reach. The increasing costs 
for conventional electricity have helped the 
PV industry grow. See Figure 1-8. 
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Today, PV technology is used in diverse 
applications including communications net- 
works, grid-connected homes and commer- 


PV APPLICATIONS 


The earliest applications of PV systems were 
in situations where connections to the utility 


cial buildings, and rural and remote lighting 


à grid were unavailable or cost prohibitive. As 
and water pumping systems. 


PV efficiency has continued to improve and 
costs have fallen in recent years, more potential 
applications for PV technology have emerged. 
Greater demand and increasing production 
have accelerated the trend toward cost effec- 
tiveness in a wide range of applications. 


Tens of thousands of American homes are now located 
completely outside the reach of the utility grid and produce 


their own power with PV systems. 
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Figure 1-7. Decades of development and manufacturing improvements have decreased the price per watt for PV systems. 
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Figure 1-8. Production and installation of PV Systems is growing rapidly. 


1992 


Today, PV systems can be used in almost any 
application where electricity is needed and can 
support DC loads, AC loads, or both. PV sys- 
tems may be as simple as a PV module directly 
connected to a load with no other components, 
oras complex as a utility-interconnected system 
with multiple power sources. 


Space Applications 


Space applications are extreme examples of 
off-grid remoteness, in that there is no pos- 
sible way to connect satellites and spacecraft 
to a steady source of terrestrial electricity. The 
only options are to launch stored electricity, in 
the form of batteries, with the spacecraft, or to 
generate electricity in space. Fortunately, the 
available solar radiation outside Earth's atmo- 
sphere is even greater than on the ground. 
Satellites were the first practical applica- 
tions of PV technology and did much to in- 
crease the public's knowledge of PV systems. 
See Figure 1-9. However, space-bound PV 
systems are designed for high efficiency and 
low weight, with cost being less important. 
Since the priorities for space-bound PV sys- 
tems are different from those for Earth-based 
PV systems, the technologies used for these 
different applications have diverged somewhat. 
Even so, the advanced technologies currently 
used in space applications, though currently 
cost prohibitive, may someday progress to 
become practical for terrestrial applications. 


& Space PV Applications 
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Figure 1-9. Nearly every satellite and spacecraft 
since 1958 has relied on a PV system for power 
generation. 
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Camels are used for transportation to remote areas of some countries. Portable 
PV systems are used to power small refrigeration units for medicines that must 
be kept cold during a journey. 


Portable Applications 


Portable PV systems power mobile loads such 
as vehicles, temporary signs and lighting, 
and handheld devices. See Figure 1-10. The 
primary advantage of PV systems in these ap- 
plications is that the load is not permanently 
connected to a stationary power source and 
is free to move. Some portable applications 
require power when the sun is not available, 
requiring a battery as part of the PV system. 
Other portable applications, such as battery 
chargers for small electronics, are simpler 
systems that operate only under sunlight. 

Most portable PV systems are relatively 
small and can power only modest loads. For 
ease of transportation, the systems should be 
relatively light. Portable systems also need to 
be repositioned each time they are relocated. 
They can usually be used while in motion, 
but if not constantly facing the sun, the power 
output will be reduced. 


Vehicles. Recreational vehicles (RVs) and 
boats can benefit greatly from PV systems. If 
the vehicle has many loads, such as the appli- 
ances in an RV, the PV system is best suited to 
be a backup to a primary power source, typi- 
cally an engine generator. A sailboat, however, 
may use a small, portable PV system as the 
primary method for charging the batteries for 
its relatively small number of loads, such as 
navigation lights and radios. 


& Portable PV 
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Applications 


DOE/NREL, Warren Gretz 


Temporary Signs and Lighting. Electronic 
construction signs cannot be connected to 
utility power, either because of remoteness or 
because of electrical construction hazards, and 
must be able to move between work areas at a 
construction site. Small PV systems with bat- 
teries can be added to the signs to power them 
continuously. Temporary lighting for short-term 
projects or nighttime construction work may be 
PV-powered because the short duration of the 
project may not warrant the time or expense of 
connecting to utility power. 


Small Electronics. Small handheld PV systems 
can be used to directly power or charge small 
electronic devices such as cell phones, calcu- 
lators, radios, GPS receivers, and lights, and 
are common accessories for campers, hikers, 
and military personnel. Manufacturers have 
developed these PV systems for ease of use, 
ruggedness, and portability, but power output 
is limited by their small size. These arrays are 
rigid or flexible panels that are unfolded and 
laid out on a sunny patch of ground. Small ar- 
rays have even been sewn into backpacks and 
jackets. The electronic device to be charged is 
connected to the PV system in the same way as 
the usual wall outlet charger. 


Emergency Power. During natural disasters 
when the existing electrical infrastructure has 
been damaged and is off-line, portable PV power 
units can be brought in to supply critical ser- 
vices until the utility grid is repaired. Individual 
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Figure 1-10. Portable PV systems tend to be small and intended for specific loads. 
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emergency PV systems can provide power for 
street and personal lighting, communications 
equipment, warning and message signs, water 
purification, refrigeration of medical supplies 
and food, or water pumping. 


Remote Applications 

Remote PV systems power loads that are per- 
manently fixed but too distant to be connected 
to the utility power grid. A large number of 
applications require electricity in remote areas, 
making PV an ideal choice. See Figure 1-11. 


Off-Grid Residences. The mainstream con- 
sumer PV market essentially began with off-grid 
residences, and this segment still composes a 
significant portion of the market. As systems 
have become more affordable, this application 
has become increasingly common among home- 
owners who demand value beyond environmen- 
tal benefits from the systems. PV systems can 
be sized to power an entire home, but off-grid 
residences often include other sources of energy, 
such as wind turbines or engine generators, to 
supplement or back up the PV system. 


Lighting. The availability of low-power DC 
lamps makes PV energy ideal for remote light- 
ing applications. Lighting needs are clearly 
greatest at night, making power storage (in 
the form of batteries) a necessary part of these 
systems. PV systems can be used to light bill- 
boards, highways, information signs, parking 
lots, and marinas. 
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Figure 1-11. Remote areas where conventional utility-supplied power is out of reach are ideal for the application of PV 


technology. 


Communications. Radio, television, and tele- 
phone signals transmitted over long distances 
must be amplified by relay towers that are often 
located in areas inaccessible to utility power. 
The best sites for communications stations are 
at higher elevations, making it difficult to pro- 
vide fuel and maintenance for generators. PV 
power is ideal for these stations. PV systems 
can also be used to power communication sig- 
nals from emergency call boxes and electronic 
information signs. 


Signage and Signals. Small PV systems can 
provide power for remote signage and signal 
devices, such as navigational beacons, sirens, 
highway warning signs, railroad signals, aircraft 
warning beacons, buoys, and lighthouses. 


Remote Monitoring. Data monitoring for 
scientific research or other purposes is often 
required at sites far from conventional power 
sources. PV systems can be used as a power 
source for remote station monitoring and for 
transmitting meteorological, seismic, struc- 
tural, or other data. 


Water Pumping. Many water-pumping needs, 
such as livestock watering, are in remote areas 
of a farm or ranch and require the most water 
during the hottest days. These systems can be 
directly coupled, with the PV system running 


the pump during the sunniest times of day. PV- 
powered water pumping is also used to provide 
water for campgrounds, irrigation, and remote 
village water supplies. 


Utility-Interactive (Supplemental 
Power) Applications 


Systems that are connected to the utility grid and 
use PV energy as a supplemental source of power 
offer the greatest flexibility in possible system 
configurations. See Figure 1-12. This is because 
the size and type of system are not defined by 
the electricity demand. Being connected to the 
utility allows the consumer to choose how much 
supplemental power to derive from alternative 
sources such as PV systems. The supplemental 
power offsets a portion of the power needed from 
the utility, resulting in lower electricity bills. 

A PV system may or may not save money in 
the short-term when competing against relatively 
inexpensive utility power. However, since install- 
ing a PV system for supplemental power is a 
choice rather than a necessity, owners typically 
value the advantages of their system beyond 
purely financial factors. Since utility-interactive 
systems are the fastest-growing segment of the 
PV system market, the additional advantages 
are clearly very important. 
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Figure 1-12. Utility-interactive systems, most often for single-family 
homes, are the fastest-growing type of PV system installation. 


PV systems can be used to provide supple- 
mental power to any utility-connected building 
or structure, including residences, commercial 
buildings, factories, and institutions. These ap- 
plications are all similar, except that the systems 
vary in size. Array mounting systems may also 
vary because of the differences in construction 
methods and design of these types of buildings. 


Utility-Scale Applications 


Utility-scale PV power plants consisting of 
thousands of modules are not yet common, 
but are currently being researched as a vi- 
able renewable energy option for large-scale 
electricity generation. See Figure 1-13. Initial 
costs are high and power output varies with 
the weather, reducing reliability. However, PV 
systems produce power during daylight hours, 
when electricity demand is greatest, increasing 
their value to the utility. 

PV technology, as opposed to conventional 
nuclear, coal-fired, or gas-fired power plants, 
can provide additional advantages for utility- 
scale power generation. Utilities can build PV 
power plants more quickly than conventional 
power plants because a PV system is simpler 
and its components are easier to install than 
those used in other power-generating technolo- 
gies. The only moving parts of a PV system are 


in the tracking system, if one is used. PV power 
plants can be located closer to populated areas 
than can conventional power plants because 
they do not involve hazardous materials or 
cause air, water, or noise pollution. Also unlike 
conventional power plants, PV power plants can 
be easily expanded incrementally as demand 
increases. However, PV power plants require 
a large area wherever they are located. 
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Figure 1-13. PV technology can be used for 
large-scale power production, but this application 
is not yet common. 


Unfortunately, PV electricity still costs 
considerably more in the United States than 
electricity generated by conventional plants, 
and the additional cost must be offset by 
government subsidies or passed on to the 
consumer. Yet as the technology continues to 
improve and fossil fuel costs rise, PV power 
becomes increasingly cost-effective. 


PV INDUSTRY 


A diversity of knowledge, skills, and abilities 
are required to design, install, and commission 
PV systems. The process involves a number of 
qualified individuals and organizations, each 
with an important role in ensuring the safe, 
reliable, and long-term performance of the PV 
power system. 

Like most industries, the PV industry has 
several levels of business. See Figure 1-14. 
These levels can include a variety of enter- 
prises: large and small, domestic and foreign, 
and public and private. 
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Figure 1-14. The PV industry is composed of 
several levels of businesses and organizations. 


` World PV Industry 


In 1992, the U.S. had 4096 of the world's 
installed PV capacity, the largest share 
held by any country. By 2007, PV instal- 
lations in the United States had grown 
to more than nineteen times the 1992 
level, but accounted for only 1196 of the 
world's installed PV capacity. Some other 
countries have been installing PV systems 
at a much faster rate than the United 
States. Currently, the global PV industry is 
dominated by Japan and Germany. These 
countries produce and install most of the 
world's PV modules. 
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The strong growth overseas is driven by 
progressive incentive policies and high 
utility rates. Germany currently consumes 
about half of the worldwide production of 
solar modules, mostly for utility-connected 
residences and commercial buildings. 
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Manufacturers 


There are dozens of PV cell and module manu- 
facturers in the world, representing hundreds 
of individual manufacturing sites. The equip- 
ment needed to fabricate and assemble the PV 
modules is adapted from the semiconductor 
electronics industry and specialized for PV 
manufacturing. Additional manufacturers sup- 
port the PV industry by supplying the other 
major components and equipment, such as 
inverters and mounting systems. These prod- 
ucts are used in various types of renewable 
energy systems. 

Electrical equipment manufacturers design, 
develop, and fabricate the balance-of-system 
(BOS) components. A balance-of-system 
(BOS) component is an electrical or structural 
component, aside from a major component, 
that is required to complete a PV system. BOS 
components include the conductors, connec- 
tors, switchgear, fuses, and hardware that con- 
nect, support, or interface between the primary 
devices such as the array, inverter, and battery 
system. Electrical BOS components are also 
common outside the PV industry, as they are 
used in nearly every electrical system. 


integrators 


PV manufacturers do not typically sell directly 
to consumers wishing to install a PV system. 
PV system components also are not commonly 
purchased through distributors or retailers that 
stock other electrical equipment or building 
hardware. In between PV manufacturers and 
consumers are integrators. An integrator is 
a business that designs, builds, and installs 
complete PV systems for particular applica- 
tions by matching components from various 
manufacturers. Integrators typically develop 
relationships with a small group of manufac- 
turers, who may then offer preferred pricing 
and referrals to the integrator. 

Integrators work with homeowners, busi- 
nesses, organizations, contractors, and utili- 
ties to design, install, monitor, and maintain 
PV systems. They also work with builders 
and architects to create aesthetically pleasing 
buildings using PV systems that meet local 
codes, standards, and regulations. 
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Silicon 


Silicon is the primary raw material for producing PV cells. Silicon makes up one-quarter of 
Earth's crust and is found in many minerals, including sand, amethyst, granite, quartz, flint, 
opal, asbestos, and clay. Even so, silicon is difficult to process into a usable form because 


it is always combined with other elements. 

PV cells use many of the same process- 
ing and manufacturing techniques as other 
semiconductor devices, such as computer 
chips, so the silicon processing and supply 
chain is well established. However, the two 
industries compete for the same supply of 
processed silicon and the combined demand 
can exceed the supply. After many decades 
of progressively lower PV module prices 
per watt, increasing demand has put pres- 
sure on the refined silicon supply. The high 
demand and limited supply has stabilized 
or even slightly reversed the price trend. 
For continued growth in both industries, the 
silicon supply chain will need to respond 
with significant capacity increases. 


Sharp Electronics Corp. 


Quartz mining is a significant source of silicon for the 
PV industry. 
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Installers 


Installers may be directly employed by an 
integrator, or by an electrical contractor who 
specializes in PV installations. Safe and qual- 
ity PV system installations are essential for 
the success and acceptance of this emerging 
technology. Installers, both the contractors 
and the individual electricians, have impor- 
tant roles in ensuring quality PV installations. 
See Figure 1-15. Installers should exhibit 
quality electrical craftsmanship and, because 
of the unique aspects of the equipment and 
interfacing of PV technology, they should 
be qualified specifically for installing PV 
systems. All PV system installers should meet 
the following criteria: 
* Complies with applicable building and 
electrical codes and standards 
* Applies for permits and approvals from 
local building and utility authorities as 
required 
* Knows his or her capabilities and limitations, 
and seeks outside expertise as required 
* Selects and sizes systems and equipment to 
meet performance expectations 
* Recommends well-engineered, quality 
components 


* Ensures equipment is properly labeled and 
safety hazards are identified 

* Locates and orients array to maximize per- 
formance and accessibility 

* Mounts array with strong, weather-sealed 
attachments 

* Uses accepted utility-interconnection 
practices and obtains utility approvals as 
required 

* Completes work in a timely manner while 
practicing safe and orderly work habits 

* Employs safe and accepted methods in the 
installation and use of PV equipment 

* Completes inspections, commissioning, and 
acceptance tests 

* Provides owner/operator with appropriate 
documentation, instructions, and training 

* Provides follow-up service for completed 
Work as required 


An experienced installer also has consider- 
able design knowledge and familiarity with 
many types of PV systems and components and 
can diagnose and troubleshoot even complex 
systems effectively. Installers are perhaps the 
most visible members of the PV industry to 
the consumers, making it vital that installers 
be professional and qualified individuals. 


* Skilled Installers 


DOE/NREL, Craig Miller Productions 


Figure 1-15. Skilled and well-trained installers are 
needed to ensure quality PV system installations. 


Consumers 


The consumer, or end user, is the owner of the 
building or structure powered by the PV system. 
Consumers include homeowners, developers, 
and businesses. In some cases, integrators and 
installers work with agents of the consumer, 
such as architects, engineers, general contrac- 
tors, or managers. Consumers drive the growth 
of the PV industry but may or may not be knowl- 
edgeable about PV systems, including the types 
of features that are available, the advantages and 
disadvantages of PV power, or how to finance a 
system. Therefore, much of the marketing effort 
by the PV industry is aimed toward educating 
potential consumers about various PV options 
and incentives. 


Organizations 

Numerous not-for-profit organizations work to 
promote and further the PV industry, including 
organizations involved in research, marketing, 
installer training, and standards development. 
These organizations also aim to make systems 
safer for the installer and the owner/operator. 


Research Institutions. Around the world, nu- 
merous universities and national laboratories 
are working to further develop the PV indus- 
try. Research institutions are the underlying 
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force to improve existing PV manufacturing 
techniques and develop the next generation of 
technologies. These institutions also educate 
and train the leaders and high-tech workforce 
of the future PV industry. 


Trade Associations. Businesses within an 
industry, even competitors, often join together 
to form trade organizations in order to support 
each other and promote the industry to the con- 
sumer, in an effort to increase the market for all 
involved. Manufacturers, integrators, and other 
groups in the PV industry have formed national 
and regional alliances including the Solar En- 
ergy Industries Association (SEIA) the Solar 
Electric Power Association (SEPA), and many 
others. These organizations host trade shows 
and conferences to facilitate industry contacts 
and educate the public. Not all businesses be- 
long to trade associations, but most find them 
to be mutually beneficial alliances. 


Installer Training. Training programs on 
the installation and operation of PV systems 
are organized by manufacturers, schools, 
and trade unions. These programs promote 
quality installations but can vary widely in 
length and scope, which can make it difficult 
for consumers to choose a skilled integrator 
or installer for a desired system. The North 
American Board of Certified Energy Practi- 
tioners (NABCEP) is an organization seeking 
to standardize installer qualifications. 


DOE/NREL, Ajeet Rohatgi 
Universities and research institutions are investigating ways to improve the 
efficiency of PV technologies. 
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Case Study ` 


IBEW-NECA Technical institute (Chicago) 


Location: Alsip, IL (41.7?N, 87.8?W) 

Type of System: Utility-interactive 

Peak Array Power: 1.1 kW DC 

Date of Installation: Winter 2004-2005 (original installation) 
Installers: Apprentices and journeymen 

Purpose: Training 


The IBEW-NECA Technical Institute (IN-TECH) uses a mixture of 
permanent and temporary PV systems to train apprentices and 
journeymen, each with its own strengths. The two permanent 
installations include a rooftop rack array and an awning-type array 
cantilevered off a wall. These systems feed into the building's elec- 
trical system and serve as ongoing monitoring and maintenance 
learning tools for commercial-type PV systems. Two temporary 
systems are based on residential-type sloped single roofs and 
provide hands-on installation experience. One of the temporary 
roof systems is unique for two reasons. 

First, the system is indoors. The training center is located in 
a former high school, with a gymnasium that provides a large i 
area to accommodate a section of a residential roof. The roof is IBEW-NECA Technical Institute 
sloped about 35°. Although it is only a few feet off the ground, the Students receive training on every part of installing a 
students work as if it were an actual roof and follow all applicable PV system, including connecting to utility power. 
safety rules, including the use of fall protection harnesses. 

The system provides a complete training exercise, including routing electrical conduit and connecting the 
system to the utility. At the back of the roof is a framed wall that supports an electrical panel, inverter, and electric 
meter. The meter is pre-wired into the building's electrical system with a standard electrical service entrance, as 
if the PV system was on a detached building with a typical utility connection. 

The first part of the training exercise includes configuring the mounting system, attaching the PV modules, 
wiring the modules together into an array, bending conduit and routing wires from the roof to the electrical pan- 
els, connecting the inverter and other components, and testing the system. A row of 12 HID lights mounted to 
the ceiling and aimed toward the roof simulates sunlight so that the System can be tested under typical outdoor 
conditions. Loads can be powered from the system for demonstration. 


For the second part of the exercise, the instructors 
test the students' troubleshooting and problem-solving 
Skills. The instructors intentionally create a small problem 
with the system, such as by disconnecting a conductor 
or changing the settings on the inverter, and challenge 
the students to find the problem. The students use test 
instruments and their knowledge of the system and its 
operation to determine the cause of the problem and 
provide the remedy. 

The other unique aspect of this system is that the PV 
installations are infinitely repeatable. After one class has 
completed training, the system is disassembled for the 
next class. The modules, mounting system, conductors, 
conduit, and connectors are completely removed. Only the 
IBEW-NECA Technical Institute — OOf attachment points, empty electrical enclosures, and 


The finished PV system can be tested for performance and Service entrance remain, and the training exercise begins 
used for troubleshooting exercises. again for a new class. 


NABCEP is composed of representatives 
from throughout the renewable energy in- 
dustry and works with the renewable energy 
and energy efficiency industries and profes- 
sionals to develop and implement quality 
credentialing and certification programs for 
practitioners. NABCEP certification for PV 
installers requires both experience and educa- 
tion, ensuring that certified professionals meet 
minimum levels of expertise in PV systems 
and installation. Certification is awarded upon 
successful completion of an exam. NABCEP 
certification is voluntary and does not replace 
local training and licensing requirements, but it 
provides a measure of quality for solar energy 
system installers. 

A joint effort by the International Brother- 
hood of Electrical Workers? (IBEW?*) and the 
National Electrical Contractors Association 
(NECA) provides nationwide standardized 
training for union electrical apprentices and 
journeymen. Training is conducted in local 
training centers, many of which have PV 
systems for training and supplemental power 
purposes. 


Standards. Many organizations that develop 
standards and safety guidelines for the elec- 
trical industry are also involved, directly or 
indirectly, in the PV industry. Several organi- 
zations, such as the Institute for Electrical and 
Electronics Engineers (IEEE?), publish stan- 
dards and guidelines related to photovoltaics. 
These documents cover standard terminology, 
module test procedures and conditions, solar 
radiation measurement, electrical connections, 
power conditioning, and other topics. 

The National Electrical Code? (NEC?), 
developed by the National Fire Protection 
Association? (NFPA®), is a set of rules on 
safe practices for the installation of electrical 
equipment. The NEC? applies to jurisdictions 
(municipalities, counties, or states) that have 
adopted it as their governing electrical code, 
which includes most of the United States and 
some other countries. The code applies to 
all electrical systems, including both utility- 
connected and stand-alone PV systems. Ar- 
ticle 690 of the NEC? specifically addresses 
the design and installation of PV systems and 
equipment. It includes definitions, requirements 
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for sizing conductors and circuit protection, dis- 
connecting means, wiring methods, grounding, 
marking, and connections to other systems. 

Other standards related to general electri- 
cal and workplace safety are applicable to PV 
installations. These include the standard NFPA 
70E®, Electrical Safety in the Workplace, and 
Occupational Safety and Health Administra- 
tion (OSHA) regulations related to electrical 
work, fall protection, material handling, out- 
door work, and general workplace safety. 

Product listing organizations test prod- 
ucts for safety and conformity to standard 
requirements. Products that pass are certified, 
or "listed" as matching the manufacturer's 
specifications and fulfilling the requirements 
for safety. These products may then bear the 
listing organization's mark, which is consid- 
ered a symbol of quality. Underwriters Labora- 
tories Inc.? (UL) is the most prominent listing 
organization and publishes safety and quality 
standards against which products are tested. 
See Figure 1-16. 


* Product Listing Organizations 


xantrex 


WYWAN aantres com 


cS 


LISTED 41XM 


CHARGE CONTROLLER 
LOAD CONTROLLER 
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Figure 1-16. The official mark of a listing or- 
ganization signifies that a product meets the 
organization's standards for safety and quality. 


Authorities Having Jurisdiction. An author- 
ity having jurisdiction (AHJ) is an organiza- 
tion, office, or individual designated by local 
government with legal powers to administer, 
interpret, and enforce building codes. The lo- 
cal AHJ ensures that installation equipment, 
materials, and procedures result in a safe and 
quality system. The primary contact from the 
AHJ is the building inspector who must be 
knowledgeable in PV system configurations 
and the applicable codes and standards. 
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Utilities 

Utilities have a unique place in the PV in- 
dustry. They are the primary producers of 
the conventionally generated electricity that 
PV-generated electricity aims to replace, so 
they compete with PV installations. Utilities 
are invested in large, expensive power plants 
designed for specific generating processes, 
such as nuclear reactions or burning coal, so 
it is not easy for them to significantly change 
these strategies. However, progressive utilities 
are also potential PV system owners, as they 
adopt PV and other renewable energy sources 
for future growth and eventual phase-out of 
existing power plants. Either way, utilities are 
a major part of the PV industry. 


Government Policies 


To establish an energy portfolio that is sustain- 
able for future growth, state and federal gov- 
ernments, and governments of other countries, 
have enacted various energy polices. This will 
become increasingly important as more coun- 
tries develop and industrialize. Energy demand 
is expected to continue growing exponentially 
and new technologies must be available to help 
meet the demand. See Figure 1-17. 
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Figure 1-17. Henewable energy is expected to compose an increasingly 
larger portion of energy production. 


These policies are primarily aimed at reduc- 
ing dependency on fossil fuel energy, mandat- 
ing efficient energy use, and encouraging the 


development of renewable energy resources. 
The primary ways in which federal, state, 
and local governments encourage renewable 
energy, including photovoltaics, is through 
incentives and quotas. 


Incentives. Incentive programs include grants, 
rebates, renewable energy credits, low-interest 
or no-interest loans, sales and property tax 
exemptions, income tax credits or deductions 
for individuals and corporations, and cash 
payments based on energy production. Federal 
programs are available throughout the United 
States, while state programs vary widely. Even 
some utilities offer incentive programs in their 
areas. Online databases of various incentive 
programs help consumers research available 
programs for their area. 


SMA Technologie AG 


Combinations of energy sources, such as photovoltaics 
and wind turbines, provide a balanced supply of energy. 


Quotas. The quota mechanism is a state policy 
and is typically called a renewables portfolio 
standard (RPS). An RPS places an obligation 
on either the state's utilities or the consumers 
to source a specified fraction of their elec- 
tricity from renewable energy sources by a 
certain deadline. For example, California has 
committed to producing 2096 of its electricity 
needs with renewable energy by 2010. See 
Figure 1-18. Utilities that fail to meet their obli- 
gation are required to pay a penalty fee for each 
unit of electricity short of the goal. This quota 
mechanism expands the market for renewable 
energy systems, which drives competition and 
is expected to lower costs to the consumer. 
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*- Renewables Portfolio Standards (RPS) and Goals 
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Figure 1-18. Renewables portfolio standards and goals vary by state. 


SOLAR ENERGY TECHNOLOGIES 


Photovoltaics is only one of many technologies 
for utilizing solar energy. Many other methods 
can make use of solar energy to produce heat, 
electricity, light, and even cooling. Some tech- 
niques have been used by humans since ancient 
times. For instance, the sun baked bricks into 
strong building materials, and dried foods for 
preservation. Wind, a product of solar energy, 
moved people across oceans. The modern 
world has built on these technologies to utilize 
this abundant resource in more efficient and 
direct ways. 


Collectors 


Most solar energy technologies involve special 
equipment that is added to or incorporated into 
a structure to collect, convert, and distribute 
the energy gained from the sun. A solar en- 
ergy collector is a device designed to absorb 
solar radiation and convert it to another form, 
usually heat or electricity. Collectors are also 
sometimes called receivers. Solar collectors 
are classified into flat-plate and concentrating 
collectors according to their ability to utilize 
the different types of solar radiation. 


Flat-Plate Collectors. A flat-plate collector 
is a solar energy collector that absorbs solar 
energy on a flat surface without concentrating it, 


and can utilize solar radiation directly from the 
sun as well as diffuse radiation that is reflected 
or scattered by clouds and other surfaces. 
Flat-plate collectors may be installed in a 
fixed orientation or on a sun-tracking mount. 
Nearly all commercial and residential solar 
energy installations use flat-plate collectors. 
See Figure 1-19. 
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Figure 1-19. A flat-plate collector can utilize any 
solar radiation, direct or diffuse (reflected), that 
strikes its surface. 


Renewable energy is a class of energy resources that are re- 


placed rapidly by natural processes. These resources include 
solar, wind, water, tidal, geothermal, and biomass energy. 
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Concentrating Collectors. A concentrat- 
ing collector is a solar energy collector that 
enhances solar energy by focusing it on 
a smaller area through reflective surfaces 
or lenses. The high-intensity sunlight is 
focused onto high-efficiency solar cells or 
working fluids that transfer thermal energy. 
Since concentrating collectors utilize only 
radiation directly from the sun, they must 
continually track the sun. Concentrating 
collectors have increased efficiency and re- 
duced size because of the ability to channel 
more solar radiation onto the desired surface. 
See Figure 1-20. 


Solar Architectural Design 


Many of today’s buildings and homes are built 
with the conservation of energy and natural 
resources in mind. Passive solar design tech- 
niques incorporated into architecture decrease 
the amount of energy needed for lighting, 
heating, cooling, and other loads. The most 
influential design option is to thoroughly 
insulate and seal the building envelope. This 
involves thicker walls, more insulation, joint 
and transition sealing, double-pane windows, 
and other features. Walls and roofs made with 
stone, concrete, or similar materials draw in 
and hold heat. These measures can signifi- 
cantly reduce the heating and cooling loads 
necessary to condition the indoor spaces since 
less energy can escape through the building 
envelope to the outside environment. 


Positioning windows to face the sun allows 
maximum sunlight and heat into the building. 
See Figure 1-21. If too much sun during the 
summer is an issue, deciduous trees can be 
planted to shade windows in warm weather, re- 
ducing cooling loads, but allowing sun through 
in cool weather when the leaves fall. Awnings 
can also be used to create shade in the summer 
and allow exposure to sun in the winter. 


£ Solar Architectural Design 


DOE/NREL, Warren Gretz 


Figure 1-21. Solar architectural design uses build- 
ing materials or design techniques to provide light 
and comfortable temperatures inside a building. 
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Many of these passive solar energy strate- 
gies are included in the Leadership in Energy 
and Environmental Design (LEED?) Green 
Building Rating System™ to promote reduced 
energy use. This is an independent rating 
system that certifies different levels of energy 
efficiency and environmental protection. The 
LEED system also evaluates building siting, 
materials, operations, and occupant comfort. 


Solar Thermal Energy 


Solar thermal energy systems convert solar 
radiation into heat energy. Most systems use 
working fluids that are heated by the sun in 
solar collectors. Either flat-plate or concen- 
trating collectors can be used. The heat in the 
fluid is then distributed to a reservoir to store 
the heat energy, or to other parts of the system 
to utilize the heat energy. 


Solar Thermal Heating. Solar thermal heat- 
ing collectors are dark-colored containers for 
the working fluid that convert absorbed solar 
radiation into heat and transfer the heat to the 
working fluid. See Figure 1-22. The fluid is 
usually an antifreeze and water solution, but 
it may be plain water if there is no danger of 
freezing. If used for space heating, the fluid 
could even be air. The fluid may be heated in 


* Solar Thermal Energy Collectors 
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DOE/NREL, Alan Ford 


Figure 1-22. Solar thermal energy is a relatively 
simple way to provide domestic hot water or 
heating. 


batches, in which case the collector also stores 
the fluid until it is needed. Alternatively, the 
heated fluid may be pumped through the col- 
lectors and stored in a separate reservoir. 

Solar thermal heating systems can be 
scaled for many different applications, but are 
primarily used in residences to heat water and 
living spaces. The working fluid may be used 
to directly warm the home through radiant 
floor heating, or the heat may be transferred 
to water or air through heat exchangers. 
Solar thermal energy can even be utilized 
in the winter in northern climates, though a 
supplemental heat source may be needed to 
fully heat the fluid on cold days. 

Solar thermal heating systems can be 
classified as passive or active. In passive 
systems, the working fluid circulates through 
the solar collectors and the rest of the system 
by convection without the use of mechanical 
equipment. In active systems, fans and pumps 
are used to circulate the fluid. 


Solar Thermal Cooling. Solar thermal 
cooling uses the heat energy to power a 
refrigeration cycle. The heat energy is used 
to compress a gas, which, when expanded 
in another part of the system, cools a set of 
coils. Air blown over the coils cools and is 
used to air-condition the building. This pro- 
cess requires an extremely hot working fluid, 
so it is not yet an efficient process except 
in the sunniest climates, but improvements 
continue. 


Solar Thermal Electricity. Solar thermal 
energy can also be used to produce electric- 
ity, though the processes use working fluids 
in different ways. The most common types of 
systems rely on concentrating solar power. 

Concentrating solar power (CSP) is a 
technology that uses mirrors and lenses to 
reflect and concentrate solar radiation from 
a large area onto a small area. The energy is 
then used to heat working fluids or materials 
that will be used to produce electricity. These 
systems are complex to build, so they are 
only feasible for utility-scale power plants. 
The three main styles of CSP plants include 
trough collectors, dish collectors, and power 
towers. See Figure 1-23. 
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Figure 1-23. The intense solar radiation needed 
to produce electricity from thermal energy re- 
quires solar concentrating systems. 


Parabolic trough collector systems are the 
most common and cost efficient. A curved 
trough focuses sunlight on an absorber tube. 
The trough is rotated throughout the day 


to maximize the received solar energy. The 
absorber tube is filled with fluid, typically 
oil, which becomes very hot. The oil is then 
passed through a heat exchanger that transfers 
heat to water, which boils and produces steam. 
The steam is used to drive steam turbines that 
produce electricity. 

A dish collector is a large, reflective, para- 
bolic dish that focuses light from a large area 
onto a single point above the dish. At that point, 
the intense sunlight heats a working fluid. The 
resulting heat energy is then converted into 
electricity in the same way as in trough col- 
lector systems. 

Power tower systems use a large number 
of mirrors to concentrate sunlight on a target 
at the top of a tower. The target, or receiver, 
is filled with fluid to absorb the resulting 
intense heat. The fluid is commonly molten 
salts, which have the ability to hold large 
amounts of heat. The heat energy can then 
be transferred to water to produce steam that 
drives steam turbines. Power tower designs 
have also been used to directly heat water into 
steam, eliminating the molten salts step, but 
this system cannot produce electricity after 
sunset. The salts, however, hold heat for hours 
and can continue to produce steam at night. 


Solar Cooking. Solar cookers use energy 
from the sun to heat food or beverages. The 
container of food or liquids essentially 
becomes the solar thermal collector. Solar 
cookers are made with reflectors that direct 
and concentrate light into the inside of a 
dish- or box-shaped cooker. The cooking ves- 
sel is dark in color to absorb the maximum 
amount of heat. Food to be cooked is placed 
inside the solar cooker, just as if it were an 
ordinary oven. 


Solar Chemical Energy 


Utilizing solar energy directly through chemi- 
cal processes is a less-developed technology, 
but is of great interest as a future energy 
sourcc. Scientists expect to be able to harness 
solar energy in chemical reactions in a manner 
similar to how plants use solar energy through 
photosynthesis. The energy might then be 
released through reverse reactions. 


However, an indirect use of solar chemical 
energy is through biofuels. Plants grow and 
produce chemicals by utilizing solar energy. 
Many of the oils found in plant seeds are chem- 
ically similar to petroleum and can be similarly 
refined into fuels. For example, biodiesel is a 
fuel that can be made from sources such as 
soybeans, waste vegetable oil, or even animal 
fats, and is compatible with any existing die- 
sel engine. Biodiesel also burns cleaner than 
petroleum-based diesel. Similarly, ethanol 
fuel can be produced from corn and burned in 
modified gasoline engines. 
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Solar Lighting 


Solar lighting includes equipment and tech- 
niques to direct natural lighting into a building. 
Increasing the amount of natural light indoors, 
or daylighting, is more environmentally sound 
and easier than using grid electricity. Some of 
the methods could be considered one aspect 
of solar architectural design, such as window 
placement, but solar lighting can also include 
special materials or components to bring ad- 
ditional light indoors. For example, fiber-optic 
light pipes can bring sunlight into almost any 
indoor space and from any direction. 


Photovoltaics (PV) is a solar energy technology that uses the unique properties of semiconductors to directly 
convert solar radiation into electricity. 


Many advantages and benefits add value to PV systems beyond the potential economic savings. 
Photovoltaics is an environmentally friendly technology that causes no noise or pollution. 


Currently, the most significant disadvantage of PV systems is the high initial cost compared to prices for 
competing power-generating technologies. 


The photovoltaic effect was discovered long before it was used for the generation of electricity. 
Improvements in cell efficiencies and manufacturing methods are reducing the cost of PV systems. 


Higher costs for conventional electricity-generating technologies help make PV and other renewable energy 
systems more cost-effective. 


Space applications were the first practical use of PV technology. 

PV systems are particularly well-suited for portable and remote applications. 

Supplemental power systems are the fastest-growing application of PV systems. 

Utility-scale PV power plants are not yet common, but are being studied for future widespread use. 
There are many levels of business and organizations that support the PV industry. 

Skilled installers are critical for quality installations and good public perception of the PV industry. 
Government renewable energy policies support further development and growth of the U.S. PV industry. 
Flat-plate collectors absorb solar energy from many directions on a flat surface without concentrating it. 


Concentrating collectors focus solar radiation from a large area onto a small area that contains special PV 
cells or heat-absorbing materials. 


Integrating solar energy design techniques into architecture is an example of a passive solar energy technology. 
Solar thermal energy is an efficient use of solar radiation that can be utilized in many ways. 


Solar thermal energy can be converted into electricity, though only on a large scale that is impractical for 
residential and commercial applications. 


Sunlight can be used for natural lighting in almost any indoor space by using fiber optics. 
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Photovoltaic Systems 


Definitions | 


Photovoltaics is a solar energy technology that uses the unique properties of certain semiconductors to di- 
rectly convert solar radiation into electricity. 


A photovoltaic (PV) system is an electrical system consisting of a PV module array and other electrical 
components needed to convert solar energy into electricity usable by loads. 


A load is a piece of equipment that consumes electricity. 
A utility is a company that produces and/or distributes electricity to consumers in a certain region or state. 


The grid is the utility's network of conductors, substations, and equipment that distributes electricity from 
its central generation point to the consumer. 


Distributed generation is a system in which many smaller power-generating systems create electrical power 
near the point of consumption. 


A balance-of-system (BOS) component is an electrical or structural component, aside from a major com- 
ponent, that is required to complete a PV system. 


An integrator is a business that designs, builds, and installs complete PV systems for particular applications 
by matching components from various manufacturers. 


An authority having jurisdiction (AHJ) is an organization, office, or individual designated by local govern- 
ment with legal powers to administer, interpret, and enforce building codes. 


A solar energy collector is a device designed to absorb solar radiation and convert it to another form, usually 
heat or electricity. 


A flat-plate collector is a solar energy collector that absorbs solar energy on a flat surface without concentrat- 
ing it, and can utilize solar radiation directly from the sun as well as radiation that is reflected or scattered 
by clouds and other surfaces. 


A concentrating collector is a solar energy collector that enhances solar energy by focusing it on a smaller 
area through reflective surfaces or lenses. 


Concentrating solar power (CSP) is a technology that uses mirrors and lenses to reflect and concentrate 
solar radiation from a large area onto a small area. 


Review Questions 


o0 n OM w 


. Compare the advantages and disadvantages of installing a PV system. 

. Compare the design priorities of PV systems for space, portable, and supplemental-power applications. 
. What are some advantages to using PV technology to build utility-scale power plants? 

. What is the role of an integrator? 


. How is installer training vital to the continued growth of the PV industry? 


How are government policies being used to encourage development of renewable energy technologies? 


. Why are concentrating collectors more efficient than flat-plate collectors? 


. Explain the two main technologies that can convert solar radiation into electricity. 


Photovoltaic 


Chapter Objectives 

e Differentiate between solar irradiance (solar power) and solar irradiation (solar energy). 

* identify the factors affecting the quantity and composition of solar energy received on Earth's 
surface. 

* Identify the factors affecting the sun's apparent position and path through the sky. 

e Calculate differences between solar time and standard time. 

e Evaluate how array orientation affects solar energy received by modules. 

e Demonstrate how solar radiation data is used in sizing and estimating performance for PV systems. 
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THE SUN 


The sun is a gaseous body composed mostly 
of hydrogen, with some helium and traces of 
heavier elements. The gases swirl and flow 
under the influence of gravity, magnetic fields, 
and heat energy. Gravity also causes intense 
pressure and heat at the core, which initiates 
nuclear fusion reactions. Fusion is a nuclear 
reaction that combines the atoms of lighter 
elements into atoms of heavier elements, and 
releases enormous quantities of energy. The 
sun fuses hydrogen into helium at its core 
and the resulting energy radiates outward. The 
energy travels to the photosphere, where it 
escapes into space in the form of visible light 
and other radiation. Radiation is energy that 
emanates from a source in the form of waves 
or particles. The photosphere is the visible 
surface of the sun. See Figure 2-1. 

An astronomical unit (AU) is the aver- 
age distance between Earth and the sun 
(93 million mi) and is used as a measuring 
unit for other distances in the solar system. 
Traveling at the speed of light (186,000 mi/s), 
radiation from the sun takes more than 8 min 
to reach Earth's surface. See Figure 2-2. Earth 
receives approximately 170 million GW of 
power from the sun, which is a relatively tiny 
fraction of the sun's total output, but is mil- 
lions of times greater than the maximum power 
demand of Earth's entire population. 


A photon is a fundamental unit of electromagnetic radiation. 
The high-energy photons released in fusion reactions at the 
sun's core take a very long time to reach the surface, losing 


energy along the way. Photon travel time is estimated to be 
tens of thousands of years. Upon reaching the sun's surface, 
photons escape as visible light. - 


SOLAR RADIATION 


Fusion reactions in the sun convert mass into 
energy that radiates outward in all directions. 
The solar radiation travels through space and 
a small fraction of it reaches Earth. Various 
factors affect the quantity and composition of 
the solar energy that reaches the Earth's surface 
and is eventually harnessed by PV devices. 


* Solar Photosphere 


SOHO (ESA & NASA) 


Figure 2-1. A false color image of the sun enhances 
the turbulent nature of the sun's photosphere, includ- 
ing a roiling surface, sunspots, and giant flares. 


Solar irradiance (Solar Power) 


Solar irradiance is the power of solar radiation 
per unit area. Solar irradiance is commonly 
expressed in units of watts per square meter 
(W/m) or kilowatts per square meter (KW/m?). 
Irradiance is measured with respect to area as if 
the solar radiation is striking an imaginary unit 
surface. See Figure 2-3. Since it is a measure 
of power (rate of energy), solar irradiance is 
an instantaneous value. For example, the speed 
(rate of travel) of an object is also an instan- 
taneous value. 


E 
DOE/NREL, Powerlight Corporation 


PV systems convert radiation from the sun into 
electricity. 
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* Astronomical Unit 


ICAL UNIT (AU) = APPROXIMATELY 93,000,000 MI 
OF TRAVEL TIME FOR SOLAR RADIATION 
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Figure 2-2. Even over the vast distance, an enormous amount of energy reaches Earth from the sun. 


X Solar Irradianc Solar irradiance is used as a reference con- 
dition to evaluate the output performance of a 
UNITAREA solar energy system at a given point in time, 
or for rating the power output of solar energy 
utilization equipment such as PV modules. 
Solar irradiance varies slightly as the sun 
goes through normal cycles of maximum and 
minimum activity. However, distance from 
the sun has a much greater effect. The inverse 
square law is a physical law that states that the 
amount of radiation is proportional to the inverse 
of the square of the distance from the source. 
B This means that at twice the distance of Earth 
E to the sun, solar radiation is only one-fourth the 
> amount on Earth. Likewise, moving three times 
>N the distance away from a light source decreases 
the intensity by a factor of nine. See Figure 2-4. 
Figure 2-3. Solar irradiance is solar power per This law is used to calculate the irradiance at 
unit area. different locations in the solar system. 


£ Inverse Square La 


Figure 2-4. The inverse square law states that irradiance is reduced in proportion to the inverse 
square of the distance from the source. 
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Almost all radiation from the sun is in the form of waves 
(electromagnetic radiation), but a very small portion consists 
of subatomic particles (corpuscular radiation), primarily 
charged protons, neutrons, helium nuclei (alpha particles), 
and electrons (beta particles). These charged particles form 


the "solar wind" that streams from the sun. When they reach 
Earth's magnetic field, they become concentrated near the 
poles and interact with the atmosphere, resulting in aurora 
displays known as the Northern (or Southern) Lights. During 
extreme solar activity, these particles can also interfere with 
radio and power transmission. 


Solar irradiation (Solar Energy) 


Solar irradiation is the total amount of solar 
energy accumulated on an area over time. The 
period of time may be an hour, day, month, 
or year. Solar irradiation is commonly ex- 
pressed in units of watt-hours per square meter 
(Wh/m?) or kilowatt-hours per square meter 
(KWh/m?). Solar irradiation quantifies the 
amount of energy received on a surface over 
time, and is the principal data needed for siz- 
ing and estimating the performance of PV 
systems. 

Greater solar irradiance (power) means 
energy is accumulated faster, which results 
in greater solar irradiation (total energy). If 
solar irradiance is comparable to the speed of 
an object, solar irradiation is comparable to 
the total distance the object travels over time. 
Greater speed (irradiance) results in greater 
total distance (irradiation) over the same 
amount of time. 

At the surface of Earth, the magnitude of 
solar irradiance changes throughout the day. 
It begins at zero during nighttime, increases as 
the sun rises, peaks around noon, and decreases 
as the sun sets. In a plot of solar irradiance 
versus time, solar irradiation equals the area 
under the irradiance curve. See Figure 2-5. 

Solar irradiation can be calculated by ap- 
plying the formula: 


ATE 

where 

H = solar irradiation (in Wh/m?) 

E = average solar irradiance (in W/m?) 


t = time (in hr) 


£ Solar Irradiance and Irradiation 
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Figure 2-5. Solar irradiation equals the total solar 
irradiance over time. 


For example, if the average solar irradiance 
is 600 W/m? over 8 hr, what is the total solar 
irradiation over this period? 


H=Ext 
H=600x8 
H = 4800 Wh/m? or 4.8 kWh/m? 


Extraterrestrial Solar Radiation 


Extraterrestrial solar radiation is solar radia- 
tion just outside Earth's atmosphere. Extra- 
terrestrial solar radiation is also sometimes 
known as top-of-atmosphere (TOA) radiation. 
Knowledge of the quantity and characteristics 
of extraterrestrial solar radiation is required, 
for example, in the design of PV arrays for the 
International Space Station and Earth-orbiting 
satellites. This benchmark is also important to 
understanding how Earth's atmosphere affects 
solar power. 


The Solar Constant. In space, solar power re- 
mains relatively constant for a given distance 
from the sun because there is no atmosphere 
to scatter and absorb the energy. The solar 
constant is the average extraterrestrial solar 
power (irradiance) at a distance of 1 AU from 
the sun, which has a value of approximately 
1366 W/m?. While this is not a true constant 
because the value varies by a few percent over 
the year, it is essentially stable for practical 
purposes. 
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b Estimating Solar Irradiance 


The solar constant is an irradiance value calculated for Earth and cannot be used for PV 
systems outside of Earth’s vicinity, such as on satellites orbiting other planets. In fact, inter- 
planetary space probes encounter constantly changing solar irradiance as they travel toward 
or away from the sun. Using the inverse square law, the solar irradiance for any other location 
in the solar system can be estimated with the following formula: 


E 
[Ez De 
where 


E = solar irradiance at location (in W/m?) 
E. = solar constant for Earth (1366 W/m?) 


D= ratio of distance of location from sun to distance of Earth from sun (which also 


equals the location’s distance in AU) 


This formula can be used to estimate the solar irradiance for Mars, which orbits the sun 
at an average distance of 1.52 AU (142 million mi). 


E = 591 W/m? 


Solar irradiance at Mars is approximately 591 W/m?, only 43% of Earth's solar constant. 


Since Mars is farther 
from the sun than 
Earth, the PV module 
on the Sojourner rover 
was designed to maxi- 
mize electrical power 
from a reduced solar 
irradiance. 


NASA/JPL-Caltech 


Solar Spectrum. Almost all of the energy 
received from the sun is electromagnetic radia- 
tion. Electromagnetic radiation is radiation in 
the form of waves with electric and magnetic 
properties. The waves vary in length depending 
on the source and energy level. The wavelength 
determines the properties of the radiation. Ex- 
tremely short wavelength (trillionths of a meter) 
radiation takes the form of gamma rays, which is 


high-energy radiation produced by sub-atomic 
reactions. Extremely long wavelength (millions 
of meters) radiation takes the form of radio 
waves, which are useful for transmitting data 
over long distances. In between are X-rays, 
ultraviolet radiation, visible light, and infrared 
radiation. The electromagnetic spectrum is the 
range of all types of electromagnetic radiation, 
based on wavelength. See Figure 2-6. 
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Figure 2-6. The electromagnetic spectrum is the 
range of all types of electromagnetic radiation, 
which vary with wavelength. 


Solar radiation includes more types of en- 
ergy than just visible light. Most of the energy 
from the sun covers a continuous portion of 
the electromagnetic spectrum, from ultraviolet 
to infrared, though not evenly. The distribu- 
tion of extraterrestrial solar power at various 
wavelengths forms a spectral signature unique 
to the sun. See Figure 2-7. A similar spectrum 
of solar energy reaching Earth's surface is 
studied to determine how atmospheric effects 
have reduced the energy levels of certain 
wavelengths. 


Atmospheric Effects 


Solar radiation is absorbed, scattered, and 
reflected by components of the atmosphere, 


including ozone, carbon dioxide, and water 
vapor, as well as other gases and particles. 
Cloud cover and local conditions such as dust 
storms, air pollution, and volcanic eruptions 
can also greatly reduce the amount of radia- 
tion reaching the surface of Earth. The two 
major types of radiation reaching the ground 
are direct radiation and diffuse radiation. Total 
global radiation is all of the solar radiation 
reaching Earth's surface and is the sum of 
direct and diffuse radiation. See Figure 2-8. 


Direct Radiation. Since there is no atmosphere 
in outer space, solar radiation travels unimped- 
ed through the vacuum of space in a straight line 
from the sun. The atmosphere allows a portion 
of this radiation to continue directly through 
to the surface. Direct radiation is solar radia- 
tion directly from the sun that reaches Earth's 
surface without scattering. Direct radiation is 
sometimes also called beam radiation. The 
rays of direct radiation are parallel and produce 
shadows. Extraterrestrial radiation is composed 
almost entirely of direct radiation. 


Diffuse Radiation. Diffuse radiation is solar 
radiation that is scattered by the atmosphere 
and clouds. Scattering causes radiation to be 
dispersed in many directions. A point on Earth 
may receive diffuse radiation from many direc- 
tions at once, in addition to radiation directly 
from the sun. The portion of total global radia- 
tion that is diffuse radiation varies from about 
10% to 20% for clear skies and up to 100% 
for overcast skies. 

Typical flat-plate PV arrays utilize both 
the direct and diffuse components of the total 
global radiation reaching the array surface, 
while concentrating collectors can utilize only 
the direct radiation component. 

A portion of the direct radiation reach- 
ing the atmosphere is scattered into diffuse 
radiation. Another source of diffuse radiation 
is radiation that reaches the ground and is re- 
flected back up through the atmosphere, where 
it is scattered or escapes back into space. This 
reflected radiation is called albedo radiation 
or reflectance. This type of radiation is not 
usable by PV devices, except for the fraction 
that scatters in the atmosphere and adds to the 
diffuse radiation. 
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Figure 2-7. The wavelength distribution of extraterrestrial solar radiation forms a spectral signature 


unique to the sun. 
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Figure 2-8. Solar radiation entering Earth's at- 
mosphere consists of direct, diffuse, and albedo 
radiation. 


Air Mass. The amount of solar radiation that 
is absorbed or scattered in the atmosphere 
depends on how much atmosphere it passes 
through before reaching Earth's surface. When 
the sun is at zenith, the amount of atmosphere 
that the sun's rays have to pass through to reach 
Earth's surface is at a minimum. Zenith is the 
point in the sky directly overhead a particular 
location. The zenith angle is the angle between 
the sun and the zenith. As the zenith angle in- 
creases (the sun approaches the horizon), the 
sun's rays must pass through a greater amount 
of atmosphere to reach Earth's surface. This 


reduces the quantity of solar radiation, and 
also changes its wavelength composition. See 
Figure 2-9. 

Air mass (AM) is a representation of the 
relative thickness of atmosphere that solar 
radiation must pass through to reach a point 
on Earth's surface. By definition, air mass 
equals 1.0 when the sun is directly overhead at 
sea level, and is designated as AM1.0. Greater 
values of air mass indicate greater attenuating 
effects of the atmosphere. Since there are no 
attenuating effects outside Earth's atmosphere, 
air mass for this condition is zero, represented 
as AMO. AII other air mass values are assigned 
relative to AM1.0. 

For example, air mass 2.0 (AM2.0) repre- 
sents the relative atmospheric path length when 
the angle between the sun and zenith is 60? 
(30? above horizon). In this case, the length 
of the path through the atmosphere is twice 
the distance of the path for AM1.0. 

Air mass depends upon the time of day, the 
time of year, and the altitude and latitude of the 
specified location. Time and latitude affect the 
possible angles of the sun. Altitude affects the 
amount of atmosphere above the location. 


The air mass formula is less accurate for zenith angles greater 


than about 60°. At these sun positions, very low on the horizon, 
the atmospheric refraction is also a factor. 
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Figure 2-9. Air mass is a representation of the amount of atmosphere radiation that must pass through 
to reach Earth's surface. 


b Calculating Zenith Angle Calculating air mass involves determining 
r iu 


the length of a path through the atmosphere 
The sun's zenith angle for air mass cal- at the given angle, and then accounting for 
culations can be determined at any time the thickness of the atmosphere due to the 
by using a vertical stake or ruler of known location's altitude above sea level. The ratio of 


height and measuring the length of shad- telo dA des Ten 
ow cast. The ruler, shadow, and rays of the c "Ocd-aHmosprieHIe pressed D e 


sun form a triangle. Using trigonometry, at sea level is an easy way to make this adjust- 
the zenith angle can be calculated with ment. The local pressure varies somewhat with 
the following formula: the weather, which correspondingly affects the 
n air mass. However, close approximations of air 
6. 2 arctan | — x 
g [he mass can be calculated with average pressure 
where values, such as those on the solar radiation 
0, = zenith angle (in deg) data sets. Air mass is calculated with the fol- 
L = length of the shadow (in in.) lowing formula: 
Lp = length of ruler (in in.) 
= Procat 
ZENITH 1013 x cos, 
where 


ZENITH 


i 

) 

| 

| AM = air mass 

Poca 7 local atmospheric pressure 
(in mbar) 


1013 = atmospheric pressure at sea level 
(in mbar) 


0, = zenith angle (in deg) 


For example, what is the air mass for Den- 
ver, CO if the sun is at a 53? zenith angle and 
the local atmospheric pressure is 836 mbar? 


= Procat 
1013 x cos 0, 
M= 836 
1013 x cos 53° 
AM = 836 EN 
1013 x 0.602 
AM = 1.37 


Air mass 1.5 (AM1.5) is considered repre- 
sentative of average terrestrial conditions in 
the U.S. and is commonly used as a reference 
condition in rating PV modules and arrays. 


Terrestrial Solar Radiation 


Terrestrial solar radiation is solar radiation 
reaching the surface of Earth. While the solar 
power outside Earth's atmosphere (extraterres- 
trial radiation) remains relatively constant, the 
amount of solar power reaching Earth's surface 
varies significantly, and because it is reduced 
by Earth's atmosphere and climate conditions, 
its value is less than the solar constant. 


Peak Sun. Of the total solar energy at Earth's 
outer atmosphere, about one-third is either 
reflected from clouds back into space, or scat- 
tered and absorbed by the atmosphere before 
it reaches Earth's surface. Solar irradiance on 
Earth is approximately two-thirds the value 
of the solar constant (1366 W/m?). Peak sun 
is an estimate of maximum terrestrial solar 
irradiance around solar noon at sea level and 
has a generally accepted value of 1000 W/m’. 

Greater values of terrestrial solar irradiance 
can occur at high altitudes, and in very clear, 
dry climates around solar noon, but 1000 W/m? 
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peak sun condition, but the total irradiation 
for a day may be expressed in units of peak 
sun hours by dividing by 1000 W/m? (peak 
sun irradiance). For example, a day with an 
average irradiance of 600 W/m? over 8 hr 
may only reach peak sun condition for an 
hour or less around noon. However, the total 
irradiation of 4800 Wh/m? (600 W/m? x 8 hr = 
4800 Wh/m?) is equivalent to 4.8 peak sun 
hours (4800 Wh/m? + 1000 W/m? = 4.8 peak 
sun hr). See Figure 2-10. 
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Figure 2-10. Peak sun hours is an equivalent 
measure of total solar irradiation in a day. 


Since the electrical power output of 
PV modules is rated at peak sun condition 
(1000 W/m’), knowing the number of peak sun 
hours on a given surface at a given location is 
used to estimate PV system performance. In 
fact, most solar irradiation data resources pres- 
ent data in peak sun hour units. 


is a practical value for most locations and 
climate conditions. This irradiance estimate 
is often used as the basis for rating terrestrial 
PV module and system performance. 

Peak sun hours is the number of hours 
required for a day's total solar irradiation to 
accumulate at peak sun condition. An average 
day may have only one or two actual hours at 


A blackbody is a theoretical body that emits a maximum 
amount of radiation for a given temperature over all wave- 
lengths. Except for very cold blackbodies, most of the energy 
is in the visible and near infrared wavelengths. A real body's 


emissivity indicates how well it radiates energy as compared 
to a blackbody at a certain temperature. The sun's radiation 
closely approximates a blackbody profile at 5780°C (approxi- 
mately 10,000°F). 
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Insolation. Another term for solar radia- 
tion energy is insolation. /nsolation is the 
solar irradiation received over a period of 
time, typically one day. It is typically ex- 
pressed as kWh/m?/day or equivalent peak 
sun hours. Insolation is usually used to rate 


& Insolation Maps 
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the solar energy potential of a location by 
calculating the average energy received on 
a surface per day. Color-coded maps show 
how insolation varies for different regions 
of the country and for different times of the 
year. See Figure 2-11. 
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Figure 2-11. /nsolation maps rate locations by their average daily peak sun hours. 
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Spectral Distribution. Besides its total power, gases, ozone, plays an important role in block- 
terrestrial solar radiation also differs from ing harmful ultraviolet radiation from reaching 
extraterrestrial solar radiation in its spectral — Earth's surface. Other constituents, such as 
distribution, mainly due to the absorption ofra- water vapor and carbon dioxide, also absorb 
diation at certain wavelengths by specific gases solar radiation, principally in the infrared por- 
in the atmosphere. One ofthe key atmospheric — tions of the spectrum. See Figure 2-12. 
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Figure 2-12. The atmosphere absorbs extraterrestrial radiation at certain wavelengths, resulting in 
an altered spectral distribution for terrestrial radiation. 


Installers and operators of PV systems often view the sun, either to determine its position or 
to check the sky conditions when making solar irradiance and performance measurements 
on PV systems. Looking directly at the sun is not only painful, but can damage the eyes 
and cause temporary or permanent blindness. While very brief glances at the sun may not 
cause harm, prolonged viewing with the naked eye heats the retina, potentially damaging 
it. Even viewing a partially eclipsed sun with the naked eye can cause localized damage 
to the retina, resulting in permanent blind spots. 

With concentrating-type solar energy systems, sunlight intensity on the collector surface 
may be a hundred or more times the intensity of normal sunlight. Special precautions should 
be made so as to not accidentally view this concentrated solar radiation when working near 
these types of collectors. Even brief glances can cause permanent eye damage. 

Protecting the eyes and body is important for anyone working on solar energy systems in 
direct sunlight. Standard practice includes wearing a quality pair of sunglasses that blocks 
harmful UV rays and glare and using sunscreens with high SPF. Hats and light colored 
clothing also minimize the personal discomfort of working in direct sunlight. To minimize 
the risk of heatstroke in extremely warm climates, work in the shade as much as possible 
and drink plenty of fluids. Viewing the sun with an appropriate welding filter is generally 
considered safe. Another method that can be used to protect the eyes when making quick 
glances at the sun is to shield the solar disk with a hand placed at arm’s length. 
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PV systems can be successfully implemented at very high latitudes with relatively 
low insolation, even Antarctica. 


Actual terrestrial spectral distributions can 
vary depending on atmospheric conditions, 
location, and air mass. For the purposes of 
uniform evaluation of modules and calibration 
of solar simulators, two standard distributions 
are used that are based on average terrestrial 
conditions and module orientation. The direct 
radiation spectral distribution is used for evalu- 
ating concentrating-type modules. The total 
global radiation spectral distribution is used for 
evaluating flat-plate modules that can utilize 
both direct and diffuse radiation. 

Solar spectral distribution is important to 
understanding how PV devices operate be- 
cause each responds to certain parts of the solar 
spectrum better than others. For example, most 
silicon-based PV devices, including crystalline 
silicon (c-Si), respond only to the visible and 
the near infrared portions of the spectrum, in 
the range of 300 nm to 1100 nm. Thin-film 
modules generally have a narrower response 
range, though some multi-junction designs use 
different materials in layers to increase spectral 
response beyond the typical range. 


Solar Radiation Measurement 


Long-term measurements are the basis for 
developing historical databases for available 
solar energy. This information is useful for not 
only sizing PV systems for a given output, but 
also for establishing the benchmark for PV sys- 
tem performance expectations over time. Also, 
solar irradiance (solar power) measurements 


are essential for installers who must adequately 
measure and verify that the output of PV sys- 
tems is consistent with expectations. 


Pyranometers. Solar irradiance is typically 
measured with a pyranometer. A pyranometer 
is a sensor that measures the total global solar 
irradiance in a hemispherical field of view. 
Since pyranometers measure both direct and 
diffuse radiation in a whole-sky view, they are 
often used to monitor the solar radiation inci- 
dent on flat-plate type arrays. These sensors are 
mounted adjacent to arrays, in the same plane 
(facing the same direction) as the arrays. Solar 
irradiance values sampled at regular intervals 
and stored by data acquisition equipment can 
be used to determine the total solar irradia- 
tion for the specific surface orientation and site 
conditions. See Figure 2-13. 


Eppley Laboratory, Inc. 


Figure 2-13. A pyranometer measures total 
global solar irradiance from the whole sky. 


Diffuse global radiation can be measured 
by shading a pyranometer, which measures 
both direct and diffuse radiation, from the 
direct radiation component. A shadow band 
pyranometer uses a metal strip in the shape of 
an arc to shield the pyranometer from direct 
radiation. To account for changing sun paths, 
this device must be adjusted daily, either 
manually or automatically. Other shadowing 
devices may use a disk that follows the sun to 
shadow the pyranometer at all times of the day. 
See Figure 2-14. The direct radiation measure- 
ment is calculated by subtracting the diffuse 
measurement from the global measurement. 


“+ 
af 


1 


Eppley Laboratory, Inc. 


Figure 2-14. Diffuse solar irradiance can be 
measured by adding a shadowing device to a 
pyranometer, which blocks the direct component 
of total irradiance. 


Precision pyranometers use thermopile 
sensors (thermocouple arrays that output a 
voltage proportional to irradiance) and offer 
the most accurate and consistent response 
across a range of wavelengths. Pyranometers 
that use silicon solar cell or photodiode detec- 
tors are less precise, but are also less expensive 
and offer the durability required for most field 
measurements. Some are even small handheld 
meters with an easy-to-use digital readout of 
total solar irradiance. See Figure 2-15. 


Pyrheliometers. Direct solar radiation is mea- 
sured with a pyrheliometer. A pyrheliometer 
is a sensor that measures only direct solar 
radiation in the field of view of the solar 
disk (5.7°). It does not measure the diffuse 
radiation component. Because pyrheliometers 
only measure the direct radiation component, 
they must be pointed directly at the sun and 
installed on sun-tracking devices to take mea- 
surements of direct radiation over the course 
of the day. Most precision pyrheliometers use 
thermopile sensors. See Figure 2-16. 
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t Handheld Pyranometers 
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Figure 2-15. Handheld pyranometers use less 
precise sensors than precision pyranometers but 
are more suitable for field measurements. 


p & v Inc. 
Figure 2-16. A pyrheliometer measures the direct 


component of solar irradiance, which is important 
when installing concentrating collectors. 
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The word “pyranometer” is formed from the Greek terms 
“pyr” (fire), “ano” (sky), and “metron” (measure). The word 
“pyrheliometer” is formed from the Greek terms “pyr” (fire), 


“helios” (sun), and “metron” (measure). A pyranometer mea- 
sures energy from the whole sky while a pyrheliometer mea- 


sures energy from only the sun. 
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Reference Cells. A reference cell is an encap- 
sulated PV cell that outputs a known amount 
of electrical current per unit of solar irradiance. 
Since current output from a PV device varies 
linearly with the incident solar irradiance, the 
output current can be used to indirectly measure 
irradiance. The calibration number is the conver- 
sion factor that changes a reference cell's current 
into solar irradiance with respect to a certain air 
mass value. Calibration numbers are usually 
expressed as milliamperes per kilowatt per unit 
area (mA/kW/m?) or amperes per kilowatt per 
unit area (A/KW/m?), both at AM1.5. The cell is 
usually encapsulated in an aluminum block with 
an optical glass cover, and often includes a ther- 
mocouple (temperature sensor) attached to the 
back of the cell to measure and correct the output 
for temperature variations. See Figure 2-17. 


* Reference Cells _ 
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Figure 2-17. Reference cells output a certain 
electrical current for each unit of solar irradiance 
received. 


Reference cells are highly accurate preci- 
sion instruments, typically used in a laboratory 
environment to calibrate the intensity of solar 
simulators, or to measure solar irradiance in 
flash or pulse type simulators used to measure 
the output of PV modules. 


Calibration. All qualified solar radiation instru- 
ments are ultimately traceable to the World Ra- 
diometric Reference (WRR), an absolute cavity 


radiometer maintained by the World Meteoro- 
logical Organization (WMO). For calibration, 
instruments are typically compared with a refer- 
ence standard under a range of conditions, and 
the output is scaled by an appropriate factor. The 
Eppley Precision Spectral Pyranometer (PSP) 
is calibrated against the WRR. Most lower- 
precision pyranometers are calibrated against a 
PSP under natural daylight conditions. 
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daystar inc. 


ww w.raydec.com/daystar 


Daystar, Inc. 


Simple handheld irradiance meters can be useful for 
field measurements and site assessments. 


SUN-EARTH RELATIONSHIPS 


Two major motions of Earth affect the apparent 
path of the sun across the sky: Earth's yearly 
revolution around the sun and daily rotation 
about its axis. These motions are the basis for 
the solar timescale. Also, Earth's axis is tilted 
at 23.5?. The amount of solar radiation received 
at a particular location on Earth's surface is a 
direct result of Earth's orbit and tilt. 


Earth's Orbit 


In one year, Earth makes a slightly elliptical 
orbit around the sun. Perihelion is the point 
in Earth's orbit when it is closest to the sun. 
Aphelion is the point in Earth's orbit when it is 
farthest from the sun. Perihelion occurs around 
January 3 and aphelion occurs around July 4. 
See Figure 2-18. 
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Figure 2-18. The ecliptic plane is formed by Earth's elliptical orbit around the sun. 


The ecliptic plane 1s the plane of Earth's 
orbit around the sun. The equatorial plane 
is the plane containing Earth's equator and 
extending outward into space. Because of 
Earth's tilt, the angle between these planes is 
23.5? and remains constant as Earth makes 
its annual orbit around the sun. This angle is 
what causes the seasonal variations in Earth's 
climate. As Earth revolves around the sun, the 
Northern Hemisphere tilts away from the sun 
during winter and toward the sun in the sum- 
mer. The opposite effect occurs in the Southern 
Hemisphere, resulting in seasons opposite from 
those in the Northern Hemisphere. 


& Solar Declination 


Solar Declination. Solar declination is the 
angle between the equatorial plane and the 
rays of the sun. The angle of solar declination 
changes continuously as Earth orbits the sun, 
ranging from —23.5° to +23.5° (positive when 
the Northern Hemisphere is tilted toward the 
sun). The angle between the ecliptic and equato- 
rial planes does not change, but as viewed from 
the sun at different times of the year, the equa- 
torial plane appears to change in orientation. It 
appears to dip below the ecliptic plane (summer 
in the Northern Hemisphere), become edge-on 
(fall), tip above the ecliptic (winter), and return 
to edge-on (spring). See Figure 2-19. 
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Figure 2-19. The equatorial plane is tipped 23.5° from the ecliptic plane. As Earth revolves around 
the sun, this orientation produces a varying solar declination. 
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The dates when maximum, minimum, and 
zero declination occur are used to mark the 
beginning of seasons. Also, several imaginary 
lines around the globe represent certain latitudes 
and the range of sun positions as it appears to an 
Observer on Earth. These include the Equator, 
the Antarctic Circle, the Arctic Circle, the Tropic 
of Capricorn, and the Tropic of Cancer. 


Solstices. A solstice is Earth's orbital position 
when solar declination is at its minimum or 
maximum. The summer solstice is at maximum 
solar declination (+23.5°) and occurs around 
June 21. The Northern Hemisphere is at its 
maximum tilt toward the sun. Days are longer 
than nights in the Northern Hemisphere, with 
all points south of the Antarctic Circle in total 
darkness. The sun is at zenith at solar noon 
at locations at 23.5°N latitude, known as the 
Tropic of Cancer. See Figure 2-20. 
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Figure 2-20. The summer solstice occurs when 
the Northern Hemisphere is tipped towards the 
sun. The winter solstice occurs when the Northern 
Hemisphere is tipped away from the sun. 


The winter solstice is at minimum solar dec- 
lination (—23.5?) and occurs around December 
21. The Northern Hemisphere is at its maxi- 
mum tilt away from the sun. Days are shorter 
than nights in the Northern Hemisphere, with 
all points north of the Arctic Circle in total 
darkness. The sun is at zenith at solar noon at 
locations on the Tropic of Capricorn (23.5°S 
latitude). 

At any location in the Northern Hemi- 
sphere, the sun is 47? lower in the sky at noon 
on the winter solstice than at noon on the 
summer solstice. 


Equinoxes. An equinox is Earth's orbital posi- 
tion when solar declination 1s zero. There are 
two equinoxes in a year. The spring equinox 
occurs around March 21 and the fall equinox 
occurs around September 23. At these two 
points, every location on Earth has equal length 
days and nights. The sun is at zenith at noon 
on the equator and rises and sets due east and 
due west, respectively, everywhere on Earth. 
See Figure 2-21. 

Around the equinoxes, the rate of change 
in declination is large, so the daily change in 
sun path is at maximum. Conversely, the rate 
of change in declination and sun path are both 
at minimum around the solstices. This can be 
easily seen on an analemma, a type of solar 
path diagram. 
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Figure 2-21. The fall and spring equinoxes 
occur when the sun is directly in line with the 
equator. 
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Earth's Rotation 


Before standard time was introduced, every municipality set 
its clock by local solar time. This system was adequate until 


'The rotation of Earth about its axis defines 


each day. A day is divided into hours, which the train made long-distance travel fast enough to require 


are standardized for use in the clock time 
used in everyday life. However, solar energy 
systems are referenced against solar time, 
which is based on the apparent motion of the 
sun across the sky. The two time systems do 
not always align. 


Solar Time. Solar time is a timescale based 
on the apparent motion of the sun crossing a 
local meridian. A meridian is a plane formed 
by a due north-south longitude line through 
a location on Earth and projected out into 
space. The local meridian is the meridian 
at an observer's exact location. Solar noon 
is the moment when the sun crosses a local 
meridian and is at its highest position of the 
day. The sundial is based on the principle of 
solar time. A solar day is the interval of time 
between sun crossings of the local meridian, 
which is approximately 24 hr. Most tables 
or charts of daily sun position are based on 
solar time. 


£ Standard Time 


almost constant re-setting of clocks. 


Standard Time. Standard time is a timescale 
based on the apparent motion of the sun cross- 
ing standard meridians. A standard meridian is 
a meridian located at a multiple of 15° east or 
west of zero longitude. Zero longitude passes 
through Greenwich, England and is referred to 
as the Prime Meridian. Since Earth rotates 360° 
in approximately 24 hours, each 15° of longi- 
tude is equal to one hour of solar time. All stan- 
dard time zones are at one hour multiples ahead 
of or behind the time at the Prime Meridian, 
also referred to as Universal Time Coordinated 
(abbreviated UTC). See Figure 2-22. 
Standard time usually differs from solar time, 
though the difference varies with location and 
time of year. Thus, actual solar noon generally 
occurs at a standard time other than 12:00:00 pm. 
This difference is up to about +45 min for most 
locations and is caused by two factors. 
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Figure 2-22. Standard time organizes regions into time zones, where every location in a time zone 


shares the same clock time. 
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Because Earth's orbit is elliptical, the distance between Earth 


and the sun varies. The closest distance is about 91 million mi 


and the greatest distance is about 95 million mi. 


The primary factor is location. Standard time 
matches solar time (with regard to the location 
factor) at locations exactly on the standard me- 
ridians. However, locations not on a standard 
meridian, but within the same time zone, have 
the same standard time, but different solar time. 
Solar noon occurs late (after 12:00:00 PM) for 
locations west of the standard meridian and 
early (before 12:00:00 pm) for locations east of 
the standard meridian. This difference increases 
with distance from the meridian. Most locations 
are within about +30 min of their standard 
meridian. Some locations can be far enough 
from their designated standard meridian that 
the difference between standard and solar time 
can be as much as +90 min. 

A longitude time correction is used to ac- 
count for the different longitudes of the standard 
and local meridians. Since 15? of longitude 
represents 60 min of solar time, each degree 
of longitude represents 4 min. That is, for each 
longitudinal degree from the standard meridian, 
solar time is 4 min before or after standard time. 
The longitude time correction is calculated with 
the following equation: 


PESE À)x4 


local 


X = 
where 
t, = longitude time correction (in min) 


À, , = local longitude (in deg) 


local 


À, = longitude of standard meridian (in deg) 


Another difference between standard and 
solar time is caused by small eccentricities in 
Earth’s rotation and orbit around the sun. The 
Equation of Time is the difference between solar 
time and standard time at a standard meridian. 
This difference varies over the course of a year 
and can be as much as +16 min or -14 min. The 
Equation of Time is computed from a formula 
or determined by looking up the date in a table 
or on a graph. See Figure 2-23. 

Using both time corrections, local standard 
time can be converted to solar time, or vice 
versa, with the following equations: 


f, = m qr Es = Lh 

I. = Ly == ly dr Lh 

where 

o = solar time (in hr and min) 

t, = local standard time (in hr and min) 
t, = Equation of Time (in min) 


t, = longitude time correction (in min) 
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Figure 2-23. The Equation of Time adjusts for variations in Earth's orbit and rotation that affect solar 


time. 


For example, at what local standard time 
does solar noon occur on March 21 in Knox- 
ville, TN? The local longitude is 84°W and 
Knoxville is in the eastern time zone (standard 
meridian 75?W). 

From the graph, the Equation of Time 
for March 21 is estimated to be —7.5 min 
(-00:07:30). The local standard time at which 
solar noon occurs is calculated by first deter- 
mining the longitude time correction: 


b = Orccal E As) x4 
t, = (84 — 75) x 4 
t, = +36 min (00:36:00) 


Then, the local standard time of solar noon 
can be determined: 


t; = Ly = tn + L 
t. = 12:00:00 — (-00:07:30) + 00:36:00 
t, = 12:43:30 pm 


Therefore, solar noon occurs at 12:43:30 PM 
local time in Knoxville on March 21. The sun 
will be due south in the sky and at its highest 
altitude of the day. 


Daylight Saving Time. Near the equator, 
days and nights are nearly the same length 
throughout the year. However, at higher and 
lower latitudes than the tropics, there is sig- 
nificantly more daylight in summer than in 
winter. For this reason, most countries other 
than those near the equator use Daylight 
Saving Time (DST), adjusting their clocks 
during the summer months to make use of 
additional daylight hours in the evening. 
Most of the United States observes Day- 
light Saving Time from the second Sunday 
of March to the first Sunday of November. 
When Daylight Saving Time is in effect, 
one hour is added to local standard time. 
Arizona and Hawaii do not observe Daylight 
Saving Time. 


Sun Path 


At any given location on Earth, the sun's 
apparent position in the sky depends on the 
latitude, the time of day, and the time of year. 
The position of the sun, as observed from the 
same location and at the same time of day for 
a year forms a figure eight. An analemma isa 
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diagram of solar declination against the Equa- 
tion of Time. See Figure 2-24. 

It is important to understand sun position 
and sun path when orienting solar collec- 
tors and PV arrays, in order to optimize 
performance and minimize shading from 
obstructions. 
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Figure 2-24. An analemma shows how sun posi- 
tion, at the same time of day, changes throughout 
the year. 


Sun Position. Two angles are used to define 
the sun's position, relative to an observer on 
Earth. The solar altitude angle is the vertical 
angle between the sun and the horizon. Dur- 
ing daytime, this angle varies between zero 
and 90? and complements the zenith angle 
(the two added together always equal 90*). 
The solar azimuth angle is the horizontal 
angle between a reference direction (typically 
due south in the Northern Hemisphere) and 
the sun. This angle varies between —180° and 
+180°. Sun position to the east of due south 
is generally represented as a positive azimuth 
angle, and to the west as a negative azimuth 
angle. See Figure 2-25. 
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£ Sun Paths 
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Figure 2-25. Solar azimuth and altitude angles are used to describe the sun's location in the sky. 


Sun Path Charts. Tables and charts of solar 
azimuth angle versus solar altitude indicate 
the range of sun positions for a particular 
location. The information is computed from 
equations used to describe the sun's appar- 
ent motion through the sky. The sun posi- 
tion diagrams for the middle latitudes look 
similar, with the exception that the sun is 
lower in the sky for latitudes farther north. 
However, at latitudes below the Tropic of 
Cancer (23.5?N) and above the Arctic Circle 


SOLAR ALTITUDE ANGLE (DEG) 


180 
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90 
EAST 


SOUTH 


(66.5?N), the diagrams change significantly. 
For example, the sun path for 15?N latitude 
(below the Tropic of Cancer) at the summer 
solstice appears different, since the sun is 
never in the southern half of the sky (azimuth 
angles from --90° to +90°). On the other hand, 
the sun path for 75?N latitude (above the 
Arctic Circle), the sun never appears above 
the horizon at the winter solstice and the 
sun never sets at the summer solstice. See 
Figure 2-26. See Appendix. 
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Figure 2-26. The sun's path across the sky at various times of the year can be illustrated on a diagram. The diagrams change 


for different latitudes. 


On the equinoxes at any location, the sun 
rises due east (azimuth 90?) and sets due 
west (azimuth —90?), which results in days 
and nights of equal length. In the Northern 
Hemisphere, daylight lasts longer from March 
2] through September 23, with the largest 
difference at higher latitudes. The opposite 
effect occurs from September 23 through 
March 21. 


The Solar Window. The solar window is the 
area of sky between sun paths at summer sol- 
stice and winter solstice for a particular loca- 
tion. Knowing the solar window at a given site 
is critical in properly locating and orienting PV 
arrays to achieve optimal energy performance 
and to prevent shading from trees and other 
obstructions. See Figure 2-27. 


& Solar Window 


Chapter 2 — Solar Radiation 


ARRAY ORIENTATION 


Geography and the seasonal variation of the 
sun's path significantly affect the solar radia- 
tion received on Earth's surface, and conse- 
quently the overall electrical energy-producing 
capability of PV arrays. The orientation of the 
array surface also contributes to how much so- 
lar radiation can be utilized by a PV system. 

Similar to sun position, array orientation 
is also defined by two angles. The array tilt 
angle is the vertical angle between horizon- 
tal and the array surface. The array azimuth 
angle is the horizontal angle between a 
reference direction and the direction an ar- 
ray surface faces. The reference direction is 
typically either due north or due south. See 
Figure 2-28. 
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Figure 2-27. The solar window is the area of sky containing all possible locations of the sun throughout 


the year for a particular location. 
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Figure 2-28. Array orientation can be described using azimuth and tilt angles. 
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The sun position and array orientation 
determine the incidence angle of direct solar 
radiation. The incidence angle is the angle 
between the sun's rays and a line perpen- 
dicular to the array surface. Maximum solar 
radiation is received when the incidence angle 
is 0°. For a fixed surface, the incidence angle 
changes as the sun appears to move through 
the solar window. 


by the generally overcast weather in the winter 
in northern climates. Conversely, many south- 
ern locations experience very cloudy summer 
weather, which favors a greater array tilt angle 
to take advantage of clearer winter weather. 
Depending on the system's energy needs, 
the array can also be optimized for either sum- 
mer or winter gain by changing the tilt angle. 
To maximize summer energy production, the 
array should be mounted at a smaller tilt angle 
to take advantage of the sun's high arc through 


the summer sky. This may be desirable for a 
system with high energy requirements in the 
summer, such as cooling loads. To maximize 


A surface receives the maximum amount of energy when the 
direct component of solar radiation is exactly perpendicular 


to the surface. 


Array Tilt Angle 


Maximum annual solar energy gain (and 
therefore, energy performance from arrays) 
on a fixed surface is achieved by orienting the 
surface at a tilt angle close to the value of the 
local latitude. Ideally, arrays in high latitudes 
should be tilted at steep angles, and arrays in 
low latitudes should be tilted at very shallow 
angles. 

In some cases, the optimal tilt angle for 
maximum annual energy gain is exactly equal 
to the local latitude. However, seasonal sun 
path changes and local climate variations may 
affect the optimal tilt angle for an array in a 
particular location. Longer days during the 
summer favor a smaller tilt angle for maximiz- 
ing annual energy gain. This is also reinforced 
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winter performance, the array should be 
mounted at a greater tilt angle to receive more 
energy when the sun is lower in the winter sky. 
This may be best for an application with higher 
energy loads in the winter, such as artificial 
lighting. See Figure 2-29. 

For skewing energy performance toward 
a specific time of year, the tilt angle is typi- 
cally adjusted from the latitude angle by 15°. 
During the summer half of the year in the 
Northern Hemisphere, the declination varies 
between 0° and +23.5°, for an average sum- 
mer declination of +15°. See Figure 2-30. The 
declination varies between 0? and —23.5? dur- 
ing the winter half of the year, and the average 
winter declination is -15°. The averages are 
closer to the maximum declinations because 
of the sinusoidal shape of the changing dec- 
lination curve. 
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Figure 2-29. Energy production at certain times of the year can be optimized by adjusting the array tilt angle. 
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Figure 2-30. The average seasonal declinations 
define the optimal tilt angles for those periods. 


The result is an optimal tilt angle for the 
summer of latitude—15°, so that the array is 
perpendicular to the average solar path in the 
sky during the summer. Similarly, an optimal 
tilt angle for the winter is latitude+15°, so 
that the array is perpendicular to the aver- 
age solar path in the sky during the winter. 
This 15° adjustment neglects the effects of 
seasonal sun paths and climate, but it is still 
commonly used, at least in conjunction with 
other adjustments. Solar radiation resource 
datasheets for specific sites often includes 
data for surfaces at latitude, latitude —15?, 
and latitude +15° title angles. 


Array Azimuth Angle 


Optimal azimuth angle is due south (or due 
north in the Southern Hemisphere) for fixed 
mounts. However, the azimuth angle of array 
installations on existing structures may be con- 
strained by the orientation or roof pitch of the 
building. Less solar energy is received when 
a fixed array is oriented to an azimuth angle 
other than due south. This reduction increases 
with larger tilt angles, so orientation is more 
critical at higher latitudes. At lower latitudes 
with arrays installed at lower tilt angles, the 
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of +45° from due south will receive at least 
90% of the annual solar energy received on 
true south-facing surfaces. 


Sun Tracking 


Sun tracking is continuously changing the 
array tilt angle, the array azimuth angle, or 
both, so the array follows the position of the 
sun. By following the sun, the incidence angle 
is always close to 0°, increasing annual solar 
gain by as much as 40% (depending on the 
location and type of tracking system). 

Sun tracking is classified according to 
the number and orientation of the axes used 
to track the sun. Single-axis tracking is a 
sun-tracking system that rotates one axis to 
approximately follow the position of the sun. 
The mount may rotate the vertical axis, which 
changes the azimuth angle, or the north-south 
axis, which allows the array to follow the sun 
from east to west. Single-axis tracking brings 
significant performance gains over fixed sur- 
faces. Dual-axis tracking is a sun-tracking 
system that rotates two axes independently 
to exactly follow the position of the sun. This 
further maximizes the amount of solar energy 
received, though the gain over single-axis 
tracking is smaller than the gain of single-axis 
tracking over fixed surfaces. 


DOE/NREL, John Thornton 


effect of off-azimuth orientation is much less. 
In most of the middle and southern U.S. lati- 
tudes, tilt surfaces with azimuth orientations 


Modules at different orientations produce different amounts of power throughout 
the day. When used together in the same system, their output is combined on 
the AC side only. 
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Effects of Array Orientation 
—————  À $us is Rein aiti 


Optimal Tilt Angle 

Logically, the optimal tilt angle for maximum solar radiation received on a south-facing surface throughout a year - 
would point the array toward the center of the solar window. This angle is exactly equal to the latitude of the loca- 
tion. However, the geometry of the solar window is such that the sun is in the sky for longer in the summer than - 
in the winter, lowering the optimal tilt angle. This factor varies with latitude, with the difference being significant at 
high latitudes and very small at low latitudes. 

Furthermore, in some regions, climate and atmospheric factors also result in a slightly lower tilt optimal angle 
for maximizing the annual energy production. For example, summer skies are usually clearer than winter skies, 
so that on the days when the sun is visible and solar radiation is receivable, the sun will likely be higher in the sky, 
promoting a lower tilt angle. There is also less air mass between the sun and a collector when the sun is high in 
the sky, allowing more solar radiation to reach the surface. i 
16 CHICAGO, IL (8) By using computer models and the average climate condi- 


tions at weather stations around the country, these factors 
12. are condensed down to an optimal tilt angle factor, which is 
the approximate difference between optimal tilt angle and 
latitude for a given location. For example, Chicago, Illinois, 
is located at latitude 42°N. The map indicates that the opti- 
mal tilt angle factor for Chicago is 8. Therefore, the optimal 
tilt angle for maximum annual receivable solar radiation is 
approximately 34° (42° — 8° = 34°). Using latitude for the 
tilt angle still provides a good approximation for maximum 
\/ MIAMI, FL performance, but installers may wish to use this factor to 
y e further optimize tilt angle for critical applications. 


Non-Optimal Orientation 

The optimal tilt angle factor assumes an azimuth angle of zero (due south). Other azimuth angles produce different 
results and require complex calculations. Computer models can also be used to calculate the effect of non-optimal 
array orientations (for tilt and/or azimuth angles) on annual receivable solar radiation. 

The annual receivable radiation for a certain orientation is represented as a percentage of the maximum annual 
receivable radiation possible at the optimal orientation. For example, if an array surface in Chicago is oriented at a 
30° tilt and faces 45° west azimuth, it is able to receive only about 95% of the solar radiation that an optimally ori- 
ented surface could receive. When mounting surfaces, such as roofs, restrict the possible array orientations, these 
calculations can predict the effect of a non-optimal orientation on System performance. Fortunately, the reductions 
in performance are usually within acceptable ranges. 

For a visual reference on the effects of non-optimal array orientations, the percentages can be plotted against 
the possible ranges of azimuth angles and tilt angles. Comparing plots for different locations shows the influence 
of latitude on the relative importance of tilt and azimuth orientations. 
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SOLAR RADIATION DATA SETS 


Solar radiation data indicates how much solar 
energy strikes a surface at a particular location 
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The National Renewable Energy Laborato- 
ry (NREL), through its Renewable Resource 
Data Center (RReDC), provides national as- 


Refer to 
solar resources 
n CD-ROM 


sessments of the solar, wind, and other renew- 
able energy resources in the U.S., including 
maps and average solar irradiation availability 
for various locations and south-facing surface 
orientations. The RReDC's Solar Radiation 
Data Manual for Flat-Plate and Concentrat- 
ing Collectors accounts for variations in site 
and weather conditions by including monthly 
average, minimum, and maximum values 
from data collected over the 30-year period 
of 1961 through 1990. The database includes 
data for 239 sites throughout the U.S. See 
Figure 2-31. See Appendix. 


on Earth during a particular period of time. PV 
systems produce electrical energy in direct pro- 
portion to the amount of solar energy received 
on the surface of the array. 


Solar radiation is a highly variable resource 
and significant differences exist among regions 
in the U.S. For example, the southwestern U.S. 
receives a greater amount of solar radiation 
(particularly the direct component) than other re- 
gions. In addition, many sites at northern latitudes 
experience large differences in solar irradiation 
between winter and summer. These trends can 
be identified from solar radiation data. 


x NREL Solar Radiation Data Set Excerpt 
Location Knoxville, TN (35.82°N, 83.98°W) 


TEE 


Elevation 299 m 
SOLAR RADIATION FOR FLAT- PLATE COLLECTORS FACING SOUTH AT A Nus un 


Pressure 983 mbar 


Latitude —15 3.0 3.7 4.6 5.5 5.8 6.1 5.8 5.7 5.0 4.6 3.3 2.8 4.7 
Latitude 3.4 4.0 4.7 5.4 5.5 5.6 5.4 5.5 5.1 4.9 3.7 3.1 4.7 
Latitude +15 3.6 4.1 4.6 5.0 4.9 4.9 4.8 5.0 4.8 4.9 3.8 3.3 4.5 


90 3.2 3.3 3.2 2.9 2.4 2.2 2.8 2.7 3.2 3.8 3.3 3.0 3.0 


3.1 4.0 5.2 6.7 7.3 7 " E 6.9 5.8 5 0 3.4 2.7 5.5 
Latitude —15 3.6 4.6 5.7 6.9 7.4 Tot 7.3 7.3 6.2 5.7 4.0 3.3 5.8 
Latitude 39 4.8 5.8 6.9 Tall 7.4 7.1 7.0 6.3 5.9 4.3 3.6 5.8 
Latitude +15 4.1 4.9 5.7 6.6 6.7 6.9 6.6 6.7 6.1 6.0 4.4 3.7 5.7 


2-Axis Tracking — 


1-Axis (E-W) Tracking — | 
1-Axis (N—S) Tracking, 


Tilt=0 1.8 2.4 3.1 4.1 4.4 4.6 4.2 4.1 3.4 3.3 2.0 1.6 3.2 
1-Axis (N-S) Tracking, 
Tilt=Latitude 2.5 3.0 3.6 4.2 4.2 4.3 4.0 4.1 3.8 4.0 2.8 2.8 3.6 


2-Axis Tracking 2.6 3.1 


X : : Jar eb r May | Sept Oct No Dec Annual — 

Temperature! — oS 188 22.9 24,8 eet 14,7 oS 45 14.2 
Heating Degree Days* 499 387 276 130 52 0 0 0 10 132 272 429 2187 
Cooling Degree Days* 0 0 0 5 59 137 200 200 95 18 0 0 703 


* averages in kWh/m?/day 
fin?C 
+ based on 18.3°C 
Figure 2-31. The National Renewable Energy Laboratory (NREL) provides solar radiation data for various locations, times 


of the year, and south-facing array orientations. 
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Each data sheet includes important site in- 
formation, such as latitude and longitude, 
elevation, average barometric pressure, and 
average climate conditions. The site latitude 
is the basis for array orientation. The baro- 
metric pressure may be used in computing 
the corrected air mass value at the site. Other 
data can be used in various ways during site 
surveys and system design. 

The solar resource information is presented 
for four types of systems: fixed flat-plate col- 
lectors, single-axis tracking collectors, dual- 
axis tracking collectors, and concentrating 
collectors. For each type, average daily receiv- 
able solar irradiation is represented in units of 
kWh/m?/day, which is equivalent to peak sun 
hours. This data is used to size solar energy 
utilization systems and estimate their average 
monthly and annual performance. 


Solar Radiation for Flat-Plate 
Collectors Facing South at Fixed Tilt 


The section on flat-plate collectors at fixed 
tilt is applicable to most installations. It lists 
data for surfaces facing due south at a variety 
of tilt angles between horizontal and vertical. 
Average, minimum, and maximum solar irra- 
diation is given for tilt angles 0° (horizontal), 
latitude- 15°, latitude, latitude + 15°, and 90° 
(vertical) for each month and annually. Mini- 
mum and maximum values help estimate the 
potential variation in solar radiation, but the 
average data is used most often for system 
sizing and performance estimates. 


"s 


DOE/NREL, National Center for Appropriate Technology 


Sun-tracking arrays maximize solar energy gain by maintaining optimal array 


orientation at all times. 


The data illustrates how array tilt affects the 
amount of solar radiation received. Typically, 
as the collector is tilted closer to horizontal, the 
amount of solar energy received in the winter 
months decreases, while the amount received 
in the summer months increases. Increasing the 
tilt angle toward vertical, the surface receives 
maximum solar radiation during the winter 
months and less during the summer. 

For example, in the data set for Knoxville, 
TN, compare the solar radiation data for flat- 
plate collectors facing south at fixed tilts of 
0° and latitude. The table lists the average 
annual solar radiation on these surfaces as 
4.2 kWh/m?/day and 4.7 kWh/m?/day, re- 
spectively. A comparison of this data illus- 
trates that tilting the collector to an angle 
equal to the latitude increases the average 
daily peak sun hours received by 1296 ([4.7 
— 4.2] + 4.2 = 0.12). For specific months, the 
improvement may be even greater. For ex- 
ample, in January the average solar radiation is 
2.3 kWh/m"/day and 3.4 KWh/m?/day, respec- 
tively. For this month and location, tilting 
the surface to the latitude angle improves the 
estimated performance by 48% ([3.4 — 2.3] + 
2.3 = 0.48). 


Solar Radiation for Flat-Plate 
Collectors with Single-Axis (North- 
South) Tracking 


The section on single-axis, north-south track- 
ers (the surface moves from east to west during 
the day) is arranged similar to the data for fixed 
collectors, though the available solar radiation 
is generally higher in every category. This 
data also includes various tilt angles from the 
horizontal to vertical. 


Comparing data between different sec- 
tions demonstrates how different mounting 
configurations affect received insolation. For 
example, the annual average solar irradia- 
tion on a south-facing latitude tilt surface is 
4.7 kWh/m?/day, while the annual average 
solar irradiation on a single-axis tracking 
array is 5.8 kWh/m?/day. Therefore, the 
performance improvement by mounting an 
array on a single-axis tracking surface is 23% 
([5.8 — 4.7] + 4.7 = 0.23). 
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Case Study 


Detroit Electrical JATC Training Center 


Location: Warren, MI (42.5?N, 83.1°W) 

Type of System: Utility-interactive 

Peak Array Power: 18 kW DC 

Date of Installation: Spring 2006 

Installers: Apprentices and journeymen 

Purposes: Training, community awareness, supplemental electrical power 


In 2006, the Detroit Electrical Joint Apprentice Training Committee (JATC) installed a PV system on the roof 
of their training center. The system was partly subsidized by the State of Michigan Department of Energy. 

The array consists of 90 high-performance modules arranged in tilted rows. The maximum potential power 
output from the system is 18 kW, but actual output is lower due to the low tilt angle of 5°. While the mounting 
system does not provide the optimal orientation for annual energy production, the design was chosen because 
it installs easily, does not penetrate the roof, allows access to every module, and has an aesthetically pleasing 
profile. In this situation, power output was not the only significant factor in the system design. 

Also, the training center is planning to use the opportunity to experiment with system improvements. At 
each step, the apprentices and journeymen involved in the project will learn how the changes ultimately affect 
the system output. 

Sensors will measure current, voltage, and other pa- 
rameters, and this data will be collected and analyzed to 
determine actual system performance. With the relatively low 
tilt angle, peak performance is expected during the summer. 
System performance will be displayed on monitors in the 
training center lobby and on the training center web site. 

After a period of continuous system data monitoring, 
custom brackets will be added to the mounting system to in- 
crease the tilt angle to about 15°. The tilt angle cannot be any 
greater than that without the rows shading each other, which 
would significantly reduce the array output. The greater tilt 
angle is expected to increase annual energy production, 
which will be quantified with the data monitoring system. 
san A wind turbine has also been installed in addition to the 
The array mounting system currently provides a relatively PV system. Wind turbines complement PV arrays because 
low tilt angle, though future plans include increasing the turbines typically produce power when the solar insolation 
tilt angle. is low. 

I... In addition to supplementing the facility's electrical sup- 

xu: i "M & ply the project is being used as a training opportunity for 
the students. By the time the project is completed, over 
100 apprentices and journeymen will have been involved in 
designing and mounting the array, routing and bending con- 
duit, pulling wires, installing the inverters and disconnects, 
and completing the final connections. Even more students 
will be involved in the ongoing data monitoring and system 
improvements. 

The broadest vision is to educate the community about 
the advantages of solar energy technologies. The training 
center invites the general public to learn about their system 
; CER mM by providing tours and publicly displaying the output data, 

Detroit Electrical JATC 8nd as the skilled installers of future PV systems, the electri- 
Apprentices and journeymen have been involved in every cians and contractors will make quality PV systems more 
aspect of PV system installation. accessible to consumers. 
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Solar Radiation for Flat-Plate 
Collectors with Two-Axis Tracking 
The section on two-axis trackers represents 
solar irradiation on a surface that always 
faces the sun. There is only one category 
presented since fixed tilt angles are not ap- 
plicable to two-axis sun tracking mounts. 
Two-axis tracking enables greater receiv- 
ing of solar irradiation than either fixed or 
single-axis tracking surfaces. The magnitude 
of improvement depends on the location, 
but two-axis tracking tends to be a smaller 
improvement over single-axis tracking than 
single-axis tracking is over fixed, south-facing 
surfaces. For Knoxville, the gains are 396 and 
28%, respectively. 


Single-axis, east-west tracking mounts are particularly suited for improving 
energy production thoughout the year, as the tracking changes the tilt angle. 


Refer to 
uick Quiz? 


Direct Solar Radiation for 
Concentrating Collectors 


The section on concentrating collectors pro- 
vides data for only the direct component of 
the total global solar radiation with respect 
to some type of tracking mount. This data is 
primarily used for concentrating-type collec- 
tors that can only utilize the direct radiation 
component and must be installed on sun- 
tracking mounts. 


ESTIMATING ARRAY 
PERFORMANCE 


Solar radiation data is used to size and estimate 
the performance for PV systems over time. 


Simple calculations can be done by hand, or 
results that are more detailed can be achieved 
using computer models. 


Data Set Calculations 

Estimates of the performance of most arrays 
can be calculated easily from the data provided 
in solar radiation data sets. For example, as- 
sume a PV system (facing due south and 
at latitude tilt) in Knoxville nominally pro- 
duces 2 kW AC output at peak sun conditions 
(1 KW/m?). The annual average irradiation on 
this surface is 4.7 KWh/m"/day, or 4.7 peak sun 
hours per day. The array is producing 2 kW per 
peak sun hour, and since there are an average of 
4.7 peak sun hours per day over the entire year, 
the average daily energy production is 9.4 kWh 
(2 kW x 4.7 hr/day = 9.4 kWh). Therefore, 
the annual energy production for this array is 
estimated at 3431 KWh/yr (2 kW x 4.7 hr/day x 
365 days/yr 2 3431 kWh/yr). 


PVWatts? Modeling 


One of the limitations of a solar radiation data 
set is that it only includes data for south-facing 
surfaces. Determining the insolation available 
for off-azimuth orientations requires compli- 
cated calculations, which are best done with 
computer models. 

A popular software tool for estimating 
the performance of PV systems is PVWatts®. 
This on-line tool is provided by the National 
Renewable Energy Laboratory and is based on 
solar radiation data that is more detailed than 
that found on the data set sheets. Along with 
built-in calculation algorithms, the software 
can provide detailed performance expectations, 
even for array orientations other than those in 
the data sets. 

The user selects a location from a map and 
specifies the PV system size, type of array 
mount and orientation, and a derating factor 
(accounting for power conversion efficiency 
and other system losses). PV Watts calculates 
the monthly and annual solar irradiation on 
the array surface, and the resulting electrical 
energy production. Output data can also be 
analyzed on an hourly basis. 


HOMER Optimization Modeling 


The National Renewable Energy Laboratory 
(NREL) offers free modeling software, known as 
HOMER, for optimizing the size of distributed- 
power systems. HOMER is particularly useful 
for analyzing the design and cost effectiveness 
of systems with multiple power sources. The 
software can analyze various combinations of 
distributed-generation systems, including PV 
systems, wind turbines, micro-hydroelectric 
turbines, engine generators, and fuel cells, to 
determine the best mix for a particular location 
and application. 

The model is based on resource data, system 
costs, and detailed load analyses for each hour 
of the year. The software can handle a large 
amount of input data, which improves the 
precision of the model. The resulting system 
optimization data can be displayed in graphical 
or tabular form. See Figure 2-32. 
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Figure 2-32. NREL’s HOMER software is used to optimize the cost 
effectiveness of systems with multiple distributed-generation sources. 


e The sun's radiant energy comes from nuclear reactions at its core. 


e Solar irradiance is a measure of solar power per unit area. Solar irradiation is a measure of solar energy 


received on a surface over time. 


* The solar constant is the irradiance reaching Earth's atmosphere. 


e Solar radiation is composed of electromagnetic radiation in a range of wavelengths and in various amounts. 


e The atmosphere reduces the amount of radiation that reaches Earth's surface and changes the composition 


of the radiation. 


e Peak sun is the estimated maximum solar irradiance at Earth's surface. 


* Pyranometers, pyrheliometers, and reference cells can be used to measure solar irradiance. 


e Earth's tilt results in changing solar position in the sky throughout the year. 


Solar time is based on the sun's apparent motion (due to Earth's rotation) and can differ significantly from 
standard time. 


The solar window is the area of sky encompassing the range of possible sun positions throughout the year 
for a particular location. 


The type, orientation, and mounting configuration of an array affect how much available solar radiation it 
can utilize. 


Optimal orientation for maximum annual energy production of a flat-plate collector is an azimuth angle of 
due south and a tilt angle close to the latitude. 


Solar radiation data can be used to optimize the performance of a PV system for a particular location, season, 
month, array type, array orientation, and mounting configuration. 
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Definitions | 


* Radiation is energy that eminates from a source in the form of waves or particles. 

* Solar irradiance is the power of solar radiation per unit area. 

* Solar irradiation is the total amount of solar energy accumulated on an area over time. 
e Extraterrestrial solar radiation is solar radiation just outside Earth's atmosphere. — 


* Thesolar constant is the average extraterrestrial solar power (irradiance) at a distance of 1 AU from the sun, 
which has a value of approximately 1366 W/m’. 


* Electromagnetic radiation is radiation in the form of waves with electric and magnetic properties. 
* Theelectromagnetic spectrum is the range of all types of electromagnetic radiation, based on wavelength. 


e Total global radiation is all of the solar radiation reaching Earth's surface and is the sum of direct and diffuse 
radiation. 


* Direct radiation is solar radiation directly from the sun that reaches Earth's surface without scattering. 
* Diffuse radiation is solar radiation that is scattered by the atmosphere and clouds. 

* Zenith is the point in the sky directly overhead a particular location. 

* Thezenith angle is the angle between the sun and the zenith. 


* Air mass (AM) is a representation of the relative thickness of atmosphere that solar radiation must pass 
through to reach a point on Earth's surface. 


* Terrestrial solar radiation is solar radiation reaching the surface of Earth. 


* Peak sun is an estimate of maximum terrestrial solar irradiance around solar noon at sea level and has a 
generally accepted value of 1000 W/m?. 


* Peak sun hours is the number of hours required for a day's total solar irradiation to accumulate at peak sun 
condition. 


* Insolation is the solar energy that reaches Earth's surface over the course of a day. 
* Apyranometer is a sensor that measures the total global solar irradiance in a hemispherical field of view. 
* Apyrheliometer is a sensor that measures only direct solar radiation in the field of view of the solar disk Cx). 


* A reference cell is an encapsulated PV cell that outputs a known amount of electrical current per unit of 
solar irradiance. 


* The ecliptic plane is the plane of Earth's orbit around the sun. 

* The equatorial plane is the plane containing Earth's equator and extending outward into space. 
* Solar declination is the angle between the equatorial plane and rays of the sun. 

* Asolstice is Earth's orbital position when solar declination is at its minimum or maximum. 

* Anequinox is Earth's orbital position when solar declination is zero. 

* Solar time is a timescale based on the apparent motion of the sun crossing a local meridian. 


* Ameridian is a plane formed by a due north-south longitude line through a location on Earth and projected 
out into space. 


* Solar noon is the moment when the sun crosses a local meridian and is at its highest position of the day. 
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A solar day is the interval of time between sun crossings of the local meridian, which is approximately 
24 hr. 


* Standard time is a timescale based on the apparent motion of the sun crossing standard meridians. 

* A standard meridian is a meridian located at a multiple of 15° east or west of zero longitude. 

* The Equation of Time is the difference between solar time and standard time at a standard meridian. 
* Ananalemma is a diagram of solar declination against the Equation of Time. 

* The solar altitude angle is the vertical angle between the sun and the horizon. 


* The solar azimuth angle is the horizontal angle between a reference direction (typically due south in the 
Northern Hemisphere) and the sun. 


* The solar window is the area of sky between sun paths for summer solstice and winter solstice. 
* Thearray tilt angle is the vertical angle between horizontal and the array surface. 


* Thearray azimuth angle is the horizontal angle between a reference direction and the direction an array 
surface faces. 


* The incidence angle is the angle between the sun's rays and a line perpendicular to the array surface. 


e Single-axis tracking is a sun-tracking system that rotates one axis to approximately follow the position 
of the sun. 


e Dual-axis tracking is a sun-tracking system that rotates two axes independently to exactly follow the 
position of the sun. 


Review Questions 


1. Explain the difference between irradiance and irradiation. 
. Why is the solar constant specified for Earth's distance from the sun? 
. What is the difference between direct radiation and diffuse radiation? 


. How are the solar constant and peak sun values similar and how do they differ? 


2 
3 
4 
5. What is the role of air mass in terrestrial solar radiaton? 
6. What is insolation? 

7. How can pyranometers be used to measure only direct solar radiation? 

8. Explain how the solstices and equinoxes relate to the sun's apparent motion across the sky. 
9. Which two factors affect the difference between solar time and standard time? 

10. Which factors define the solar window? 


11. Why does the optimal array tilt angle change throughout the year? 


12. How does the type of collector and mount affect the potential energy gain for an array? 
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Chapter Objectives 

* Identify issues to be discussed to determine customer needs, concerns, and expectations. 

e Identify factors to consider in a preliminary assessment, including the local solar resource, environmental 
conditions, and building code and utility interconnection requirements. 

e Explain the process of determining potential array locations. 

e Describe methods for determining and diagramming shading patterns. 

+ Discuss considerations in determining the suitability and condition of existing roofing, structural systems, 
and electrical systems and equipment. 

» Explain the function of an energy audit and identify opportunities for conservation and energy efficiency. 

e Identify factors to be considered when preparing a proposal, including estimates for cost, size, 
performance, and value of a PV system. 
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PRELIMINARY ASSESSMENT 


A preliminary assessment addresses several 
fundamental questions needed to decide the 
the feasibility of a PV system. These include 
the customer's needs and concerns, the 
available solar resource, the environmental 
conditions, and the structural and electrical 
requirements. Identification of these factors 
begins the site surveying process, which in- 
fluences all other subsequent system design 
and installation tasks, including selecting 
equipment, preparing bids, conducting value 
assessments, and planning and completing 
installations. 


Customer Development 


The customer may be a home or business owner, 
or an agent acting on the customer's behalf. If 
the installation is part of new construction or a 
large job, then architects, engineers, and build- 
ers may be involved in making certain decisions 
about design or installation requirements. For 
most smaller commercial and residential jobs, 
the customer may be directly involved at some 
or all levels. It is important to establish roles 
and responsibilities for any individuals and 
organizations involved in the project. 

Salespersons, designers, and installers of 
PV systems must identify customer needs, 
concerns, and expectations. Some customers 
may be well informed and know exactly what 
they need or want, while others may need 
explanations of the types of systems and their 
costs, functions, and performance. Many sup- 
pliers and contractors provide literature to help 
identify and explain options. See Figure 3-1. 

Costs and funding are usually the cus- 
tomer's primary concern. Fortunately, there 
are many resources for funding significant 
portions of a PV system, including financing, 
state and federal government incentives, and 
the exchange of renewable energy credits. 
When discussing various sizes and types of 
systems with customers, the installer can also 
present information on applicable funding 
programs. Later, when the system is sized 
and configured, the installer may use this 
information to help the customer apply for 
these programs. 


Customer Consultation 


SolarWorld Industries America 


Figure 3-1. The installer should meet with 
each customer to discuss available PV system 
options. 


The installer should discuss the installation 
schedule with the customer. Schedules should 
have a degree of flexibility to accommodate 
unavoidable delays, such as weather or ship- 
ping problems. However, some installations 
will have strict completion dates dictated by 
financing deadlines or other construction. Ac- 
cess to a site may also be restricted to certain 
times. The installer must coordinate with the 
overall schedule and minimize potential delays 
to ensure the work is completed in a timely 
manner. 

Customers should be advised of other poten- 
tial impacts of the installation, such as restricted 
access to certain areas, or storage of materials or 
equipment left on the site. Installers should also 
be prepared to address maintenance require- 
ments, product and installation warranties, and 
follow-up service agreements. 


Solar Resource 


The solar radiation resource should be re- 
searched before visiting the site. This informa- 
tion is needed not only for the site survey, but 
also for designing the system and establishing 
its performance expectations. 


Solar radiation resource information 1s 
available as data sets for specific locations, 
and provides average daily solar radiation for 
each month on various surfaces. Where no 
data exists for a certain area, the local resource 
can be estimated by comparing the data for 
the closest sites. Solar radiation measurement 
equipment can be used at the site, though 
meaningful resource data requires more than 
a year of collection. 


When reviewing the solar resource data, 
the installer should note the differences for 
the various array tilt angles, and the seasonal 
variations and monthly minimum and maxi- 
mum values for receivable solar energy. This 
information is important when evaluating 
potential mounting systems. 


Environmental Conditions 


Weather and other environmental conditions 
for the site should also be researched. Tem- 
perature, wind speed, and humidity data are 
included with solar radiation data sets. Data 
on other factors, such as precipitation, are 
freely distributed by government or research 
agencies. The possibility for earthquakes, 
hurricanes, flooding, or any other natural 
events at the site must also be considered. 

Accurate temperature ranges for a site are 
particularly important, because this signifi- 
cantly affects the operation and performance 
of modules, batteries, and inverters. Tempera- 
ture influences the array's output voltage, so 
the site temperature extremes are considered 
when configuring arrays for the appropriate 
voltage. 

Special environmental concerns may 
dictate the use of different materials, equip- 
ment, designs, or installation practices. For 
example, humid and marine environments 
require special materials to resist corrosion. 
Where flooding or storm surge is a possibil- 
ity, equipment must be located high off the 
ground or adequately protected from water. 
Where windstorms or seismic events are 
possible, special structural support or flex- 
ibility may be required. Under any of these 
circumstances, special building codes and 
standards may apply. 
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Since solar radiation data sets generally provide information 
only on surfaces facing due south and at certain tilt angles, 


computer models can be used to predict the solar radiation 
received, and therefore PV system energy production, for 


other orientations. 


The installer may also identify other exist- 
ing or potential renewable energy supply op- 
tions, such as wind or solar thermal energy. As 
with utility or generator power, other renew- 
able energy systems can operate in conjunction 
with a PV system, but the combination must 
be carefully designed. Integration of multiple 
energy sources can affect key decisions early 
in the process, including the size, cost, design, 
and integration of the system. 


Code Compliance 


Installers must understand the building code 
requirements in their state or region. Building 
codes determine some of the information that 
must be gathered during a site survey, and 
affect subsequent planning, system design, 
and installation. 


Schott Solar 


Customers may require that a PV system have another function in addition to 


producing electricity, such as shading a parking lot. 
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All system components, interconnections, and 
attachments must meet applicable local building 
and electrical codes. Most U.S. states and juris- 
dictions have adopted the International Building 
Code® and the International Residential Code® as 
part of their local building codes. For electrical 
safety and code compliance, most jurisdictions 
enforce a recent edition of the National Electri- 
cal Code®. Contact the local authority having 
Jurisdiction (AHJ) to determine which specific 
building and electrical codes apply. 


Requirements for connecting small renewable energy systems 
to a utility's electricity grid may vary. State policies regarding 
utility interconnection differ, and utilities within the same state 


may also impose their own connection requirements. Most 
requirements relate to safety, equipment certification, power 
quality, contracts, liability insurance, metering, and rates. 


Utility Interconnection 


For interactive systems, interconnection agrec- 
ments are typically required by the local elec- 
tric utility company. Interconnection policies 
and requirements may vary among states and 
utilities, and many have special provisions for 
insurance, disconnects, labeling, metering, and 
system size. 

Understanding the terms and conditions 
for interconnection is an important first step 
that dictates many options and decisions 
concerning system design and installation. 
In addition, it is highly advisable to establish 
contacts with the AHJ and utility early in the 
installation process. 


SITE SURVEYS 


A site survey is a visit to the installation site 
to assess the site conditions and establish the 
needs and requirements for a potential PV 
| Bofor'to-forin system. Site surveys identify suitable loca- 
on OM ~ tions for the array and other equipment. The 
i most appropriate array locations have enough 
surface area for the size of array needed, 
permit the best possible orientation, and are 
not excessively shaded. Other factors include 
accessibility and proximity to other equip- 
ment, structural support, existing electrical 
infrastructure, architectural appearance, and 


protecting both personnel and equipment from 
hazards. An audit of the customer’s energy use 
determines how a PV system will contribute to 
the electrical supply and may reveal opportuni- 
ties for energy conservation that will improve 
the value of the system. All this information 
should be carefully documented for later use in 
system sizing, preparing estimates, and plan- 
ning the installation. See Figure 3-2. 


Survey Safety 

All individuals working on PV systems should 
be familiar with applicable OSHA safety stan- 
dards contained in Volume 29 of the U.S. Code 
of Federal Regulations (29 CFR), specifically 
Part 1926, Safety and Health Regulations for 
Construction. These regulations include several 
subparts that are applicable to the installation of 
PV systems. Depending on the site conditions, 
these regulations may also require certain safety 
equipment or practices during site surveys. 


Personal Protective Equipment (PPE). Per- 
sonal protective equipment (PPE) for site sur- 
veys include appropriate clothing and footwear 
for working outdoors, such as hats, sunglasses, 
and sunscreen to protect against sun exposure. 
Additional equipment, such as safety glasses, 
hard hats, safety shoes, and fall protection 
gear, are common types of PPE required for 
PV system work. See Figure 3-3. 

Safety glasses, goggles, and face shields 
provide eye and face protection against hazards 
such as dust and other flying particles, corrosive 
gases, vapors, and liquids. The selection of eye 
protection is based on protection from a specific 
hazard and its comfort. It must not restrict vision 
or movement or interfere with other PPE. 

A hard hat protects a worker's head against 
impact from low-hanging structures or fall- 
ing objects. Hard hats are classified by their 
level of protection. Class A general service 
hard hats are suitable for construction, having 
good impact protection but limited voltage 
protection. Class B hard hats are intended for 
electrical and utility work, as they also protect 
against high-voltage shock and burns. Class C 
offer limited protection against bumps from 
fixed objects, but do not protect against falling 
objects or electrical shock. 
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* Site Survey 


| PV SYSTEM SITE SURVEY INFORMATION 
GENERAL INFORMATION 
Customer — Smith Residence 


Site Address __123 Main St., Anytown, IL 60123 
Contact Name _ John Smith, homeowner 


| Phone 555-0123 Fax 555-0124 Email 


Utility Regional Power, Inc. 
Contact Name _ Beverly Jones — 0 0 00 0— 
Phone 555-6789 Fax 555-6790 Email jones@regionalpower.com — — ž  ž 1— 


Permitting Authority _ Village of Anytown 
Contact Name __ Gary Roberts, building inspector 


Phone 555-5215 Fax 555-5235 Email — roberts@anytown.vil.us 

| Type of System Desired — Utility-interactive Output (KW) _ 5.0 

| Critical Loads (W) — N/A Autonomy (days) N/A 
SOLAR RESOURCE & WEATHER 

| Latitude _ 41°N Longitude _ 87°W Basic Wind Speed (mph) __9.0 

| Orientation _ lat — — Insolation (KW/m?/day) ava — 3.9 —. MAX. 63  MIN__1.5 
Temperatures (°F) AVG 50 MAX 105 MIN -20 


Potential for Extreme Weather Heavy thunderstorms, heavy snowfall 


PROPOSED ARRAY LOCATION 
Area (f?) ^ 1000 Slope (°)  33* Azimuth Orientation (°) 210° (SSW) Height (ft) _ 10-25 


Accessibility _requires extension ladder or aerial lift, fall protection 
Shading Analysis Results _ tree will shade location from 9 AM to 11 AM November through January | 


ROOFING 
Type of Roofing _ Asphalt shingle Age (yrs) 10 Thickness (^) . 1.25 
Surface Condition — good, no repairs needed 

Type of Supporting Structure _2 * 6 rafters 12" 0.C. 
Structural Concerns _ none 


| ELECTRICAL SYSTEM 
| Primary Service 120/240 V, 16, 200 A Source _ Overhead from utility pole 


anes 7 00 0 Q6 0 — o. 0 


Ratings — 200 A main breaker 


Annual Electricity Use (kWh) __ 10,900 Rate (¢/kWh) _ 8.6 

| Point of Connection _ Main service panel 

| Proposed Inverter Location _ Basement Accessibility good 

| Proposed Battery Location _N/A eut Accessibility — N/A 
Proposed Disconnect Locations _ Basement, exterior wall Accessibility — both good 


| Electrical Concerns _none 


E EE T 


Other Comments or Issues . Customer wants to be able to easily upgrade and/or expand system in future. 
Possibilities include larger array and battery backup system. 


ee 


| Surveyor . Jane Miller Date 7[12 


mU M X -—RZ— — a 


Figure 3-2. /nformation gathered during a site survey should be carefully documented. 
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«© Personal Protective Equipment (PPE) 


- DOE/NREL, Craig Miller Productions 
Figure 3-3. Common personal protective equip- 


ment (PPE) for preparing and installing PV sys- 
tems includes head, eye, foot, and fall protection. 


Sturdy safety shoes with impact-resistant 
toes and heat-resistant soles protect the foot 
from heavy objects that might roll onto or 
fall on employees' feet; sharp objects such as 
nails or spikes; hot, wet or slippery surfaces; 
and other hazards. Nonconductive safety shoes 
help protect from electrical hazards. 

Other PPE may be required for certain tasks 
or with the use of certain equipment. Each task 
should be evaluated for potential safety hazards 
and the required PPE and safety equipment. The 
proper use of PPE requires the involvement of 
both the employer and employee. 


Electrical Safety. Electrical hazards pose signifi- 
cant potential for personal injury and fire damage. 
Direct injuries include electrocution (death due 
to electrical shock), electrical shock, and burns. 
Indirect injuries include falls due to electrical 
shock. Other common electrical injuries include 
concussions resulting from arc explosions as well 
as eye damage due to arc flash. Working on or 
near exposed, energized conductors or electrical 
equipment requires special personal protective 


equipment (PPE). The means to assess electrical 
hazards and the required PPE and other precau- 
tons are addressed in NFPA 70E, Electrical 
Safety in the Workplace. 

A number of procedures are also used to 
protect workers from electrical shock. Barri- 
ers and guards are used to keep workers away 
from exposed energized equipment. Workers 
should pre-plan work, post hazard warnings, 
use protective measures, and keep working 
spaces and walkways clear of cords. Ground- 
fault circuit interrupters (GFCD, switches, 
and conductor insulation should be checked 
regularly. Flexible extension cords must be of 
the 3-wire type (with grounding conductor) 
and designed for hard use. 

Lockout and tagout procedures are used to 
prevent individuals from unintentionally ener- 
gizing electrical circuits while they are being 
serviced or maintained. See Figure 3-4. Lock- 
out is the physical locking of a power source 
disconnect in the OFF position with a padlock. 
Tagout is the labeling of de-energized controls, 
equipment, or circuits at all points where they 
could be energized. 


jout 


a Lockout and Ta 


Panduit Corp. 


Figure 3-4. Lockout and tagout procedures are 
important parts of an electrical safety program. 


Fall Protection. Arrays installed on buildings 
or other structures above the ground often in- 
volve working at heights where fall protection 
is required. Many roofs have steeply inclined 
surfaces, which are particularly hazardous when 
wet from dew or precipitation. Lifting equip- 
mentor special training may be required in some 
situations. For larger commercial installations, 


permanent ladders or stairways, access covers, 
tie-off points, and other features can be installed 
to improve safety and accessibility. 

OSHA requires fall protection for work 
taking place more than 6' above the ground, 
which includes the vast majority of areas 
where PV modules are installed on buildings. 
Fall protection can be in the form of equipment 
worn by a worker to reduce the potential for 
injury from a fall, or precautions taken in the 
work area to prevent a fall. Regulation CFR 
1926.500 to 1926.503 covers requirements for 
fall protection methods and equipment. 

A full-body harness is a fall protection de- 
vice that evenly distributes fall-arresting forces 
throughout the body to prevent injury. See 
Figure 3-5. The harness secures the techni- 
cian around the legs, torso, and shoulders, and 
includes a metal D-ring at the back to attach 
a lanyard. The lanyard secures the harness to 
a beam, structural member, secured ladder, or 
lifeline. A shock absorber in the lanyard ab- 
sorbs most of the force of stopping the fall. 


*- Full-Body Harness 


DOE/NREL, Robb Williamson 


Figure 3-5. Full-body harnesses connected to a 
secure safety line system protect a worker from 
injuries from falling from sloped roofs or roofs with 
unprotected edges. 
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Guardrail systems can also provide pro- 
tection against falling. Guardrails can be 
installed temporarily at a work site, such as at 
the unprotected edges of rooftops, or may be 
permanently affixed to elevated platforms such 
as scaffolds and aerial lifts. This type of fall 
protection consists of three railings that must 
be secured to the personnel side of upright 
structural members. 

On large, flat roofs where work will not 
be required within 6' of the edge, a warning 
line system may be used. A warning line is 
a high-visibility rope marking a controlled- 
access zone near the edge of the roof. Work- 
ers inside the warning line do not need 
additional fall protection, but workers between 
the warning line and the edge are required to 
have some other method of fall protection. A 
safety monitor watches for fall hazards, allows 
no workers without additional fall protection 
within the controlled access zone, and ensures 
that workers are aware of the warning line if 
they are working near it. 


Ladder Safety. OSHA requires that a stairway 
or ladder be used at points of access with an 
elevation change of 19" or more. Ladders are 
commonly used in many phases of a PV system 
installation and must be used in an appropriate 
and safe manner. 

Ladders must be kept in a safe working 
condition. A competent person must inspect 
ladders for visible defects, like broken or 
missing rungs. If a defective ladder is found, 
it should be immediately marked as defective 
and withdrawn from service until repaired. 

Use ladders only for their designed purpose 
and load rating. Ladders should be set on stable 
and level surfaces, and secured to prevent ac- 
cidental movement. The areas around the top 
and bottom of a ladder should be clear. Non- 
self-supporting ladders (those that lean against 
a wall or other support) must be positioned at 
an angle where the horizontal distance from 
the top support to the foot of the ladder is 
one-quarter the working length of the ladder. 
The side rails must extend at least 3' above the 
upper landing surface. 

Double-cleated ladders (with center rail) or 
multiple ladders, are required for frequent or 
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two-way traffic. If using ladders near exposed 
and energized electrical equipment, such as 
transformers or overhead services, the side 
rails must be made from a nonconductive 
material such as fiberglass. Some ladders are 
permanently installed. These fixed ladders may 
require ladder safety devices, self-retracting 
lifelines with rest platforms, cages or wells, or 
multiple ladder sections. See Figure 3-6. 


i Fixed Ladders with Cages 


DOE/NREL, NC Solar Center 


Figure 3-6. Fixed ladders often require cages to 
prevent workers from falling because the vertical 
orientation can be difficult to climb. 


a number of different hand and power tools. 
Workers using hand and power tools may be 
exposed to a number of hazards, including 
objects or substances that may fall, fly, or 
splash; harmful dusts, fumes, mists, vapors, 
and gases; and electrical hazards due to dam- 
aged electrical cords, poor connections, or 
improper grounding. 

Basic tool safety includes regular mainte- 
nance, appropriate tool choice, inspections for 
damage and safety devices prior to use, follow- 
ing manufacturers’ instructions, and wearing 
proper PPE. Other specific requirements and 
hazards depend on the tool type and power 
source, which includes electric, pneumatic, 
liquid fuel, hydraulic, and powder-actuated 
equipment. 


Survey Equipment 

Site surveys are conducted by observing, 
photographing, measuring, documenting, and 
diagramming all applicable site conditions 
related to a PV installation. Consequently, 
certain equipment is required to collect this 
information, including conventional tools, 
meters, and measuring devices, as well as some 
special equipment. 


Hand Tools. Basic screwdrivers, socket 
wrenches, pliers, and cutters may be needed 
to access some areas for inspection, such 
as electrical panels. Portable flashlights or 
headlamps are useful to illuminate dark areas, 
such as attics. 


Ladders. Ladders are typically required to ac- 
cess rooftops in order to inspect surfaces, take 
measurements, and determine suitable areas 
for array installation. Collapsible combination 
step/extension ladders can serve a variety of 
functions, although they may not be tall enough 


Employers are responsible for assessing workplace hazards, 
and providing the appropriate personal protective equip- 
ment (PPE) and training in its proper use. Employees are 


to reach some rooftops. Some sites may require 
aerial lifts or pole-climbing equipment. Special 
fall protection equipment or precautions are 
required at heights over 6’. 


res; onsible for properly using, inspecting, and maintaining 
PPEi ina clean and iian condition. 


Documentation Materials. Notebooks and 
graph paper are used to record observations, 
measurements, sketches, and diagrams of the 
site and layout. Basic calculators with trigo- 
nometric functions are useful for computing 


Hand and Power Tool Safety. Like any 
construction project, the preparation and in- 
stallation of a PV system involves the use of 


areas, perimeters, diameters, and angles. A 
wristwatch with a stopwatch function can be 
used to mark the time of specific events or 
measure intervals of time. For example, the 
power demand of a building can be determined 
by measuring the revolution rate of a watt-hour 
meter disk. Compact tape recorders, digital 
cameras, binoculars, and video equipment 
can also be used to document site conditions. 


Sun Path Calculator. A sun path calculator is 
used to view the solar window for a particular 
location, which is needed for assessing shad- 
ing. See Figure 3-7. Other means can be used 
to evaluate shading, but sun path calculators 
are usually the quickest and easiest to use. 


* Sun Path Calculator _ 


Solar Pathfinder 


Figure 3-7. A sun path calculator is used to evalu- 
ate shading at potential array locations. 


Electrical Test Equipment. Multimeters 
are used to measure service voltages, load 
currents, power, and to check for continuity 
or energized circuits. Detailed surveys may 
include load measurements, using watt-hour 
meters or analyzers to evaluate power quality 
as necessary. In some cases, temporary load 
monitoring equipment can be installed at the 
site for a period of time to document changing 
load profiles. See Figure 3-8. 


Measuring Devices. Tape measures, laser 
distance meters, transits, compasses, levels, 
protractors, and other measuring devices 
are often used during detailed site surveys. 
Required measurements typically include 
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array areas, distances between equipment or 
components, roof slope, building orientation, 
and shading obstruction heights. Electronic 
stud finders identify structural attachment 
points while conduit or conductor locating 
devices help avoid hidden electrical conduit 
or plumbing pipes during installation. An 
infrared thermometer can measure the tem- 
perature of electrical equipment or spaces 
designated for temperature-sensitive com- 
ponents. A GPS receiver identifies latitude 
and longitude coordinates, pinpointing the 
location of site features. 


& Testing and Measuring Devices 


Figure 3-8. A variety of testing and measuring devices and marking 
equipment is used during site surveys. 


Marking Equipment. Various means and 
devices to identify, locate, and label areas 
related to a PV installation include chalk 
lines, string, tapes, paint, stakes, and flags. 
For example, chalk lines can temporarily 
mark module locations and attachment points 
on a roof. Temporary marking is also useful 
to identify proposed equipment locations for 
customer approval. Construction areas can 
be cordoned off by barricades or stakes and 
cautionary tape. 


Miscellaneous Hardware. Assortments of 
fasteners, electrical tape, tie wraps, wire nuts, 
and other miscellaneous hardware are useful 
for tasks such as installing meters and monitor- 
ing equipment, reconnecting circuits, making 
small repairs, or neatly arranging wiring. 
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he c^ - Personal Safety 


Consider the safety hazards of working outside during site surveys, such as exposure to 
direct sunlight and heat, and dehydration. Dangerous insects, snakes, and other animals 
can hide under eaves or inside electrical boxes and may bite or sting when disturbed. Always 
have a first aid kit available for minor injuries and work with a partner whenever possible. 

Be aware of overhead and underground utilities and document energized power lines dur- 
ing the site survey. Contact the local utility or marking service to have underground conduits, 
cables, and water lines identified and marked before any construction activity. 

Warn bystanders or people walking beneath a work area of hazards from falling tools or 
materials. If necessary, secure the work area with caution tape, flags, or signage. 


Array Location 

The primary task of a site survey is determining 
whether there is a suitable location for a PV ar- 
ray. For many sites, there is only one practical 
location, typically the most southerly facing por- 
tion of a sloped roof. However, some sites may 
offer multiple array location options, such as a 
roof with more than one portion facing south, a 
large flat roof, or a large open field. Each option 
should be evaluated for suitable area, orienta- 
tion, shading, accessibility, structural support, 
and proximity to the electrical infrastructure. 
The most appropriate location is chosen based 
on these factors. 


Array Area. PV systems are low-density power 
generators, so large surface areas are required 
to produce appreciable amounts of power. The 
required overall area for any given array is based 
on the desired output, the efficiency of the mod- 
ules, and how densely the modules are installed 
in the array. See Figure 3-9. For the purposes of 
the initial site survey, the required array area can 
be estimated with the following formula: 


Ac im. 
Nm 
where 


A = estimated required array area (in m?) 
ae = desired peak array power (in kW DC) 


1, = module efficiency 


For example, what is the estimated size of an 
array using 12% efficient modules that should 
produce approximately 5 kW at peak sun? 


P 
AZ 
Nn 
i ae 
0.12 
A=42m 


The required area for mounting an array is typ- 
ically increased to account for spacing between 
modules, panels, or rows, which improves access 
to all parts of the array and prevents modules 
from shading each other. Protective fencing or 
unusable space within the potential array location 
will also increase the total area. The amount of 
extra space will vary between sites and types of 
mounting systems. An increase of 10% is com- 
mon for sloped-roof-mounted arrays, but others 
may require up to 50%. 


Array Orientation. Sun-tracking arrays con- 
tinuously change orientation to follow the sun. 
However, fixed arrays depend on one orientation 
to recetve as much solar energy as possible. 
Optimal fixed array orientations are not always 
possible, particularly for sloped roofs. The ori- 
entation of a roof often limits array orientation 
options. 

The roof slope and orientation must be 
measured during a site survey for a rooftop 
installation. The easiest way to measure the 
slope is with an angle finder, or inclinometer. 


See Figure 3-10. Measuring the rise and run of 
the roof with a steel square and a level is another 
method. The slope is then calculated from the 
following formula: 


Allowing for space between the modules for access and main- 
tenance, sloped-roof PV systems with a typical 12% efficiency 


will require about 9 m? (100 ft?) per kilowatt of peak power. 
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rise 
0 = arctan| —— 
run 


where 

0 — roof slope angle (in deg) 

rise — rise (vertical) of roof slope (in in.) 
run — run (horizontal) of roof slope (in in.) 


Forexample, what is the roof slope angle of a 
roof surface with a rise of 5" and a run of 12"? 


0 — arctan (=) 
run 

0 = arctan 2 
12 


0 = arctan (0.42) 
0-23 


« Array Area Requirements 
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Figure 3-9. The density of the module arrangement 
in an array affects the accessibility and the area 
required to produce a certain amount of power. 


ý Measuring Roof Slope 


ANGLE FINDER 


RISE 


RISE AND RUN 


Figure 3-10. Hoof slope is measured with an 
angle finder or calculated from the rise and run. 


The azimuth orientation of the roof 1s 
the direction, such as southwest or due 
south, that the sloped surface faces, and is 
determined with a magnetic or electronic 
compass. The compass is held horizontally 
and the angle is noted between true south 
(corrected for magnetic declination if nec- 
essary) and the direction the roof is facing. 
See Figure 3-11. 


The tools and equipment required to conduct a site survey 
will vary depending on the type of PV system, location, and 
existing site conditions. Certain equipment is needed for any 


site survey. Additional equipment varies depending on the 
building type or site conditions. Installers learn from previ- 
ous experience which tools and equipment are required for 
various situations. 
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* Measuring Roof Orientation 


AZIMUTH ANGLE 
OF ROOF SURFACE 


ROOF P 
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Figure 3-11. A compass is used to determine the 
orientation of a sloped roof surface. 


Based on sun paths alone, the optimal tilt angle for maximum an- 
nual solar radiation gain is nearly equal to the latitude. However, 
since winter skies are often cloudier than summer skies, a slightly 


smaller tilt angle, which will collect more energy in the summer, 
may result in greater annual energy production. 


When the measured orientation is not op- 
timal, installers and consumers must consider 
the consequences on receivable solar radiation. 
Fortunately, some relatively wide ranges of 
orientations have relatively minor effects on 
receivable radiation. See Figure 3-12. 


* Array Orientation Effects* 


In some cases, it may even be desirable to 
face an array other than due south, such as when 
more solar energy is available in the morning or 
afternoon due to the local climate, or to match 
demand at certain times of the day. Utility-owned 
PV systems are sometimes installed facing south- 
west, shifting peak power output to later in the 
afternoon to coincide with peak demand. 


Magnetic Declination. Depending on loca- 
tion, magnetic north may not be the same as 
true north. Ferromagnetic elements in Earth's 
core cause variations in the magnetic field that 
affect compass readings. Electronic navigation 
equipment and GPS receivers automatically 
correct for magnetic declination. However, 
when using a magnetic compass to orient the 
azimuth angle of solar energy systems, this 
difference must be applied to compass readings 
to determine true south. 

Magnetic declination is the angle between 
the direction a compass needle points (toward 
magnetic north) and true geographic north. If 
the compass needle points west of true north, 
this offset is designated as west declination, 
and the value is negative. If the compass 
needle points east of true north, this offset 
is east declination, and the value is positive. 
See Figure 3-13. Maps show values for mag- 
netic declination and rate of change per year 
for different regions. Magnetic declination 
values change slowly, but enough that new 
maps should be consulted every several years. 
Magnetic declination in 2009 varies in the 
continental United States by as much as —19? 
in Maine to +18° in Washington state. 


m 


a 98% 100% 99% 965 919 


Chicago, IL +45 94% 95% 93% 90% 85% 

mE CC SC 05 0 79€ 67% 
0 9596 ~ 99% 100% = 3% 95% 

Phoenix, AZ +45 93% . 95926 95% 93% 89% 

Been eee UN CO. AM co NET G 17% 12% 
0 — 97% o 100% 100% | Ces NE 93% — 

Tampa, FL £45 96% 97% 96% 93% 89* 

+90 92% 90% 86% 89 77% 

* in percentage of solar radiation receivable compared to optimal orientation 


t in deg 


Figure 3-12. The potential loss in receivable solar radiation from non-optimal orientations may not 
be significant. 
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* Magnetic Declination Map — 
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Figure 3-13. Magnetic declination varies by location and changes slightly over time. Up-to-date maps are used to determine 
the necessary adjustment to magnetic compass readings. 


When using a compass, angle designa- 
tions are called bearings and range from 
0° to 360° clockwise around the compass. 
North is a 0° bearing, east is a 90° bear- 
ing, south is a 180° bearing, west is a 270° 
bearing, and north is a 360° bearing (in 
addition to 0°). 

However, with regard to azimuth angles 
used with solar energy systems, south 
may be designated as 0°. East is +90° 
and west is —90°. The absolute value of 
the azimuth angle is always the number of 
degrees from due south. Installers must be 
aware of the difference between compass 
bearings and azimuth angles and use 
each correctly. 
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On a compass, true south is found by sub- 
tracting the declination from the direction of 
magnetic south (usually designated as 180°). 
For example, near San Francisco, California, 
the magnetic declination is +15° (or 15° 
east). If the south end of a compass needle 
points to 180°, then true south is at 165° 
(180° — 15° = 165°). Near Providence, Rhode 
Island, the magnetic declination is —15° (or 15? 
west). If the south end of a compass needle 
points to 180°, then true south is at 195° 
(180° — [-15?] = 195°). See Figure 3-14. 


Shading Analysis 

Shading on solar thermal collectors reduces 
performance by an amount proportional to 
the level of shading. However, PV arrays are 
much more sensitive to shading. Depending 
on the magnitude and location of the shading, 
the reduction in output can be disproportion- 
ately higher than the percentage of array area 
shaded. In the worst cases, even a 10% shading 
can cause the loss of most of the output. See 
Figure 3-15. For this reason, installers must 
carefully assess the shading potential at an in- 
stallation site, and be prepared to adjust array 
position and orientation to minimize shading. 
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Figure 3-15. Shading of PV modules and ar- 
rays can cause disproportional reductions in 
power output. 
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Figure 3-14. Directional bearings from magnetic compasses must be adjusted for magnetic 
declination. 


Preferably, arrays should be installed 
in a location with no shading at any time. 
However, site constraints may make this 
difficult to achieve, especially during winter, 
early morning, and late afternoon, when the 
low sun casts long shadows from far away 
objects. At a minimum, arrays should have 
an unobstructed solar window from 9 am to 
3 PM (solar time) throughout the summer, 
when the sun is highest in the sky and the 
majority of solar radiation is available. See 
Figure 3-16. Also the array circuit design 
and module choice (for cell circuit configura- 
tion) can minimize the effects of unavoidable 
shading. 

Shading can be caused by either natural or 
man-made obstructions at any time of the day 
or year. Natural obstructions include trees and 
other vegetation, as well as geographic features 
such as hills and mountains. Trees and vegeta- 
tion are an ongoing shading concern, since they 
grow larger, causing increasingly more shad- 
ing. Man-made obstructions include buildings, 
towers, and poles. Shading can also be caused 
by parts of the building on which an array is 
mounted, including plumbing vents, hip roofs, 
chimneys, cables, or service conductors. 
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$ Shading Priority Options for dealing with shading include 
=." trimming or transplanting trees or moving 

BEES Uae ORLY the array. If shading occurs on the lower or 

AVOID SHADING southern parts of a proposed array location, 


moving the array to the north or a few feet 
higher may reduce or eliminate the shading 
problem. If shading occurs from the east or 
west, shading may be reduced by moving the 
array in the opposite direction. 
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Figure 3-16. Most of the daily solar energy is 
received between 9 AM and 3 PM, so avoiding 
shading during this period is high priority, espe- 
cially during the summer. 


In the Northern Hemisphere, shading is 
generally caused by obstructions to the east, 
south, or west. However, during summer 
months at low latitudes, the sun can sometimes 
be in the northern part of the sky, which can SIEA 


cause shading from obstructions immediately Even shading from small obstructions, such as a rooftop vent, may be a 
north of an array. See Figure 3-17. significant issue. 
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Figure 3-17. When the sun is in the northern part of the sky, which can occur at low latitudes during 
the summer, shading can be caused by obstructions immediately north of an array. 
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Shading analyses should be conducted 
at the exact location of the proposed array, 
including the elevation, because shading can 
vary greatly within only a few feet. For large 
arrays, an analysis should be conducted for the 
entire array area. 

The extent of shading at any given loca- 
tion can be determined by comparing the 
height and location of shading obstructions 
to the solar window. Any overlap between 
the obstruction areas and the solar window 
results in shading. This analysis can be ac- 
complished in various ways. The simplest 
method is to use a sun path calculator, though 
other analytical and graphical methods may 
also be employed. 


Sun Path Calculators. A sun path calcula- 
tor is a device that superimposes an image of 
obstructions on a solar window diagram for a 
given location. These devices are extremely 
easy to use and provide a graphical shading 
analysis for the entire year, which can also 
be converted into a numerical analysis. Two 
popular types of sun path calculators are 
the Solar Pathfinder™ and the Solmetric 
SunEye'M, Both devices work by comparing 
the local solar window to an image of the 
surrounding obstructions, which determines 
the dates and times when shading will occur 
at that location. When a sun position is over- 
lapped by an obstruction, from that location 
the sun would appear behind the obstruction, 
so the location would be shaded. 


When using the Solar Pathfinder for shading analysis, the 
actual position of the sun is irrelevant. However, the device 


also works like a sundial and can be used to determine solar 
time based on sun position. 


The Solar Pathfinder consists of a latitude- 
specific sun path diagram covered by a trans- 
parent dome. The dome reflects the entire 
sky and horizon on its surface, indicating the 
position and extent of shading obstructions. 
The sun path diagram can be seen through 
the dome, illustrating the solar window. 
See Figure 3-18. The Solar Pathfinder is 
placed at a proposed array location and eleva- 
tion. It is leveled and oriented to true south 


with the built-in compass and bubble level. 
(The compass reading may require adjust- 
ment for magnetic declination.) Looking 
straight down from above, the user observes 
reflections from the sky and surroundings 
superimposed on the sun path diagram, which 
indicates shading obstructions. 


+ Solar Pathfinder _ 


REFLECTIONS OF SKY 
AND OBSTRUCTIONS 


Solar Pathfinder 


SUN PATH DIAGRAM 


Figure 3-18. 7he Solar Pathfinder analyzes shad- 
ing for potential array locations by comparing the 
reflections of potential obstructions on the horizon 
to a sun path diagram of the solar window. 


The Solar Pathfinder allows for two meth- 
ods of recording the shading obstructions. See 
Figure 3-19. The outline of the obstructions 
can be drawn onto the sun path diagram, 
producing a hard copy record of the shading 
conditions. Alternatively, a digital photo of the 
device can be loaded into a separate software 
product where a digital trace of the obstruc- 
tions is analyzed automatically. 

With either method, the resulting trace indi- 
cates all the dates and times when a specific lo- 
cation will be shaded. Dates and times indicated 
outside the trace will be shaded, while those dates 
and times indicated inside the trace will not be 
shaded. Numbers within the shaded area can be 
totaled (manually, or by the software) to quantify 


the percentage of shading each month. If using 
the analysis software, users can input additional 
system, component, and location information 
to calculate performance expectations and auto- 
matically generate custom reports. 
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Figure 3-19. A permanent record of the shad- 
ing for a particular location can be traced on 
the hard copy diagram, or by photographing the 
reflections, which can then be analyzed by the 
Solar Pathfinder Assistant software to generate 
reports. 


While it uses a similar analysis technique 
as the Solar Pathfinder, the SunEye directly 
acquires a digital photo of the sky and includes 
many analysis features within the handheld 
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hardware device. See Figure 3-20. The 
user first sets the location with the on-board 
software and levels and orients the device 
for magnetic south. (Magnetic declination is 
automatically accounted for by the on-board 
software, based on the location.) The SunEye 
includes a digital camera with a special fish-eye 
lens that photographs the entire hemisphere of 
the sky and surroundings in one image. 
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Figure 3-20. The Solmetric SunEye is an electronic device that includes 
an on-board camera with a fish-eye lens for photographing the entire 
sky and horizon at once. 


Using the location information, the Sun- 
Eye generates and displays a solar window 
diagram specific to the local latitude. The 
photo is then analyzed by the on-board soft- 
ware to automatically generate a trace of the 
obstructions. By superimposing the solar 
window diagram, sky photo, and obstruction 
trace, the device calculates the monthly solar 
access (percentage of total insolation that is 
unshaded). See Figure 3-21. The photo and 
shading data can also be uploaded to a com- 
puter for archiving or exporting the data, or 
generating detailed reports. 

Both devices, when using the software fea- 
tures, can make sophisticated calculations and 
comparisons for different array orientations and 
some other site options. Also, both the Solar 
Pathfinder and the SunEye can be used any time 
of the day or day of the year, in either cloudy 
or clear weather. In fact, they are often easier to 
use in the absence of direct sunlight. 
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Figure 3-21. The SunEye's on-board software 
can automatically analyze an all-sky photograph 
for the obstruction that will shade a location at 
certain times of the day and year. 


Altitude Angle Method. A simple method to 
evaluate shading at a particular location is by 
measuring or calculating the altitude angle of 
each obstruction. If the altitude angle of the 
sun is less than the altitude angle of the ob- 
struction when the sun is at the same azimuth 
angle as the obstruction, then the location will 
be shaded. See Figure 3-22. 

The ranges of azimuth and altitude angles 
of the sun can be determined from a sun path 
chart for the local latitude. Obstruction alti- 
tude angles can be measured using a transit 
or a protractor. A properly leveled transit will 
indicate the profile angle directly on its dials. 
When using a protractor, the top of the ob- 
struction is sighted along the flat edge of the 
protractor. The obstruction’s altitude angle 
is equal to the distance between a plumb line 
and the 90° mark. See Figure 3-23. Altitude 
angles can also be calculated with the fol- 
lowing formula: 


p 
QO ys = arctan| — 
d 


where 
æ „ = altitude angle of obstruction (in deg) 


h = height of obstruction (in ft) 


d = distance to obstruction (in ft) 
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Figure 3-22. The altitude angle is the vertical 
angle to the top of an obstruction. 
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Figure 3-23. Altitude angles can be determined 
using a transit, a protractor, or by calculations 
from measurements. 


For example, what is the altitude angle of a 
30' tree that is 43' away from a proposed array 
location at 41?N latitude? 


) 
Œp = arctan| — 
d 
30 
Œ p = arctan| — 
43 


Ops = arctan (0.70) 


Oops = 35° 


Using a compass, it is determined that 
the tree is 35° east of due south. Comparing 
these angles to a sun path chart for 41°N 
latitude shows that for certain times in the 
morning, during the winter months, the sun 
will be behind the tree, shading the proposed 
array location. 

This method has limitations. Surroundings 
with many obstructions of complex shapes are 
usually analyzed more easily with a sun path 
calculator. However, this method can be quick 
and simple for locations with a small number 
of slender obstructions in the area, such as 
utility poles or some trees. Spreadsheet pro- 
grams can also be set up in advance to perform 
most or all of the calculations and graphically 
compare the solar window to the locations of 
obstructions. See Figure 3-24. 
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Figure 3-24. The altitude angle method of shad- 
ing analysis compares the altitude angle and 
azimuth angle of potential obstructions to a sun 
path diagram. 
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Magnetic compasses can be used to determine the azimuth angles of 
obstructions for shading analysis. 


Profile Angle Method. Sun path calculators 
and the altitude angle method are types of 
shading analyses that determine only if and 
when a certain location will be shaded by 
nearby obstructions. Comparisons of the re- 
sults can be made between potential locations, 
but these methods cannot directly determine 
where an array should be located to avoid 
shading. This type of shading analysis involves 
calculating the profile angle of the obstruction. 
The profile angle is the projection of the solar 
altitude angle onto an imaginary plane perpen- 
dicular to the surface of an obstruction. This 
calculation is used to determine the length of 
a shadow at a certain time, which equals the 
minimum distance from an obstruction to avoid 
shading. See Figure 3-25. The profile angle is 
calculated with the following formula: 


tan o 
B = arctan 
cos yf 


where 


B = profile angle (in deg) 
a = solar altitude angle (in deg) 


y= azimuth angle between solar azimuth 
and plane of profile angle (in deg) 


As the sun moves across the sky, the 
shadow cast by the obstruction shortens and 
then lengthens again, changing the profile 
angle. The profile angle is part of the right tri- 
angle formed by the height of the obstruction 
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and the length of the shadow. Therefore, the 
profile angle is also calculated by the follow- 
ing formula: 


B= arctan B 


where 

B= profile angle (in deg) 

h = height of obstruction (in ft) 
d = length of shadow (in ft) 


The difference between the use of this 
formula in the altitude angle method and 
profile angle methods is that the profile 
angle method accounts for larger obstruc- 
tions where a range of solar azimuths can 
shade a particular location. The altitude 
angle method is actually just a special case 
of the profile angle method where the plane 
of the profile angle is the same as the plane 
(azimuth) of the solar altitude angle, which 
is true for slender obstructions. 


Many resources are available for further study of profile angle 
geometries and calculations. Profile angles are relevant to 


several fields other than PV systems, so these resources are 
often associated with architectural, indoor lighting, and pas- 
sive solar heating and cooling topics. 
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The profile angle method is particularly 
useful when designing arrays consisting of 
multiple rows of modules mounted at a tilt. If 
the modules are installed at a tilt and the rows 
are spaced too close together, the modules in 
front can shade those behind them. Higher tilt 
angles increase the potential for this problem, 
requiring more space between rows. 

Treating a row as a shading obstruction to 
the row behind it, a variation of the profile 
angle analysis can be used to evaluate the mini- 
mum separation distance required between the 
rows to avoid shading. See Figure 3-26. In this 
case, the minimum distance is the length of 
the shadow at the time when the shadow just 
touches the bottom edge of the rear row. The 
minimum separation distance is calculated by 
combining the profile angle formulas into the 
following formula: 


cosy 
tanc 


d=hx 


where 
d = minimum row separation distance (in ft) 
h = row height (in ft) 


y= azimuth angle between solar azimuth 
and array azimuth (in deg) 


& = solar altitude angle (in deg) 


HEIGHT OF 
OBSTRUCTION 


LENGTH OF 
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Figure 3-25. The profile angle is the projection of the solar altitude angle onto an imaginary plane 
perpendicular to a shading surface. This angle is used to calculate the length of shadows. 
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For example, an array consisting of multiple cos 32? 
rows of tilted modules is to be installed on a ae tan 14° 
flat rooftop at 40°N latitude. The rows must be 
spaced to avoid shading each other between ie pee 
9 AM and 3 pm during the winter solstice. At 
these times, the solar altitude angle is 14° and d-5.l 


the solar azimuth angle is 42?. Also, due to 


the orientation of the building, the rows are At 9 AM, the minimum distance between 
to be installed facing 10° west of due south. rows is 3.7’, but at 3 PM, the minimum distance 
Therefore, the azimuth angle between the solar — is 5.1’. The difference is due to the array's 
azimuth and array azimuth is 52? at9 AM (42°+ azimuth angle. If the array was oriented due 
10°) and 32? at 3 pm (42? — 10°). Both azimuth south, the two distances, both at 3 hours from 
angle circumstances may need to be calculated ^ solar noon, would be the same. Also, a change 
to determine which has the greater effect. Ifthe in the tilt angle, which would change the row 


module tilt results in a row height of 1.5’, then height, would proportionally change the mini- 
what is the minimum row separation distance mum row distance. 


for these circumstances? 


COS Accessibility 
T A site survey should evaluate the accessibility 
ə of each potential array location and all other 
cos 52 
dals x E parts of a PV system for safe and convenient 
tan 14 installation, inspection, and maintenance. 
cose 0.62 Convenient access to equipment also helps 
ensure that it will be operated and maintained 
DES 9 properly. 
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Figure 3-26. Profile angle calculations are particularly useful for arranging arrays consisting of multiple rows of modules 
installed at a tilt. The calculation determines the minimum row spacing to avoid modules shading each other at certain 
times of the day. 


78 Photovoltaic Systems 


Accessibility also facilitates inspections by 
building officials and utility personnel. For 
example, electrical inspectors may require 
access to junction boxes and other equipment 
to evaluate its suitability for the application 
and proper installation, and other building 
officials may need to look at structural at- 
tachments. Utilities may need to evaluate 
the means and point of interconnection for 
the system, as well as access to disconnect 
devices external to a building. 

The locations of system components 
should be arranged conveniently and the con- 
nections between them should be neat and 
professional. Avoid locating components in 
difficult-to-access areas such as attic spaces 
or beneath arrays. 


Roofing Evaluation 

For PV systems to be installed on rooftops, 
the condition of the roof covering and the 
underlying structural support must be care- 
fully evaluated during the site survey. For 
other mounting configurations, any other 
existing or potential structural supports must 
be evaluated. 


Roof Surfaces. Arrays are installed on many 
types of roof surfaces, although the type of 
roof surface and its slope will often dictate 
the types of mounting system and attachment 
methods that are feasible. The expected life 
of the roof covering is also very important. 
Different types of roof coverings have widely 
varying life expectancies, depending on the 
type of material and application environment. 
Commercial and residential roofing also dif- 
fers in construction and materials, and some 
roofing practices vary regionally. 


Regardless of the type of roof, if it is leaking, it probably re- 
quires extensive repair or replacement. Signs of leaking roofs 
include outside light seen through the decking from below, 
dark spots on rafters or joists, stained or sagging ceilings, 


buckling or sagging roof surface, and rusty or corroded metal 
flashings. The installer should make the bui iding owner aware 
of any potential or existing leaks so that they can be inspected 
further by a roofing professional. 


A primary concern is the condition of 
the roof covering, particularly its weather- 
sealing ability. Identifying potential roof 
degradation early reduces the chances of leak 
repairs and roof replacement later. When it 
is determined that a roof is nearing the end 
of its useful life, or is already deteriorated, 
the installer should document and make the 
building owner aware of these findings. It is 
usually far easier and less expensive in the 
long term to replace an old or damaged roof 
before installing an array than to remove and 
reinstall the array later during re-roofing. 
Also, documenting any pre-existing leaks 
ensures that they are not attributed to the 
array installation. 

Signs of deterioration differ for vari- 
ous types of roofing. See Figure 3-27. For 
conventional asphalt shingles, deterioration 
includes brittleness, cracking, loss of granu- 
lar coating, warping, or curling up from the 
shingle edges. Asphalt shingles generally 
are the least expensive, but have the short- 
est life of all roof coverings, particularly in 
hot climates. 

For slate, clay, or concrete roof tiles, 
problems include cracks, misalignment, or 
flaking material. When only a few tiles are 
damaged, those can usually be replaced in- 
dividually. Slate and tile roofs have long life 
expectancy, but are moderately expensive. 

Metal roofing also has a long life, but 
is expensive. Signs of aging include loss 
of galvanized coating and rusting on steel 
roofs, and corrosion and pitting on aluminum 
roofs. The installer should also note whether 
metal roofing is architectural (installed over 
continous decking) or structural (installed 
across an open rafter system) in nature. 
This determines how the roof can support 
Workers and affects the design of the array 
attachment method. 

Built-up, membrane, and gravel roofs 
on flat or low-slope surfaces are common 
on commercial buildings. Problems can be 
difficult to identify for these roofs, though 
membrane brittleness and cracking are obvi- 
ous signs of deterioration. When it is difficult 
to determine the age or condition of a roof, a 
professional roofer should be consulted. 


The thickness of the roof decking and cov- 
ering dictates the appropriate length of fasten- 
ers needed to install the array. The thickness 
can usually be determined by looking under 
the eave drip edge or flashing along an edge of 
the roof. Inspecting existing roof penetrations 
or roof transitions may also help to determine 
roof thickness. See Figure 3-28. 


* Roof Deterioration — 
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Figure 3-27. Roofs should be inspected for signs 
of deterioration during a site survey. 


* Measuring 
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Roof Thickness 


Figure 3-28. The thickness of roof decking and 
covering can be determined by inspecting the 
edge of the roof under the eaves. 


Structural Support. While detailed structural 
assessments are conducted by professional 
engineers, observations can be made during 
site surveys to identify concerns that may 
warrant further investigation. 

Roofs are prone to loss of structural 
strength or weather tightness over many 
years and must be carefully inspected. First, 
a visual inspection determines the flatness 
of the roof surface. A string line stretched 
across the roof in various directions reveals 
dips wherever there is a gap between the 
string and the roof surface. See Figure 3-29. 
Sagging roof surfaces generally indicate some 
underlying problem, such as decking failures, 
misalignment with structural support, or fail- 
ing structural members. 

Next, the installer should walk carefully 
across the roof and check for movement of 
the surface. Any “spongy” areas indicate 
weakened roof support that must be further 
inspected. Dry rot, leaks, or insect damage 
should be noted. The installer should also be 
alert for any signs of structural modifications 
and deficiencies due to previous repairs or 
building additions. In many cases, structural 
defects can be corrected or additional support 
added to secure arrays. 
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* Checking Roof Flatness 


Figure 3-29. Noticeable dips on roof surfaces may 
be a sign of underlying structural defects. 


Arrays must be securely attached to the 
roof's underlying structural members in order 
to resist wind and other loads. For this reason, 
the condition of the structural members, in- 
cluding trusses, rafters, and beams, must be 
carefully evaluated. Also, the size, layout, and 
distance between these structural members are 
required to plan the position and attachment 
method for the array. Sometimes, this requires 
access to areas immediately beneath the roof, 
such as attics. 

For ground-mounted arrays, evaluate 
the terrain, elevations, and soil conditions. 
Potential problems include loose or lightly 
compacted soil, standing water, and signs of 
erosion or past flooding. 


Electrical Assessment 

The installer must assess the existing electrical 
systems and equipment, and potential impact 
of interfacing with a PV system. The condi- 
tion, size, and ratings of existing electrical 
services, conductors, overcurrent protection 
devices, disconnects, and transformers should 
be examined and documented. Measurements 
should be taken for service voltages and any 
special power quality concerns should be 
investigated. This information determines the 


limits on system size, appropriate output rat- 
ings for inverters, and in some cases, upgrades 
to existing electrical services may be required 
to interface with PV systems. 

For interactive systems with battery 
backup, a dedicated subpanel is usually con- 
nected to the inverter output. Existing branch 
circuits with critical loads are relocated 
from an existing main panelboard to the new 
subpanel, requiring potentially significant 
changes to the existing electrical system. 

In addition to the array, the installer should 
identify appropriate locations for other major 
system equipment and balance-of-system 
(BOS) components. Locate equipment as 
close together as possible to avoid long 
conductor and conduit runs and additional 
switchgear. See Figure 3-30. This also helps 
to minimize power losses from voltage drops. 
However, feasible equipment locations may 
be limited due to accessibility, structural 
limitations, existing electrical equipment 
locations, or even architectural appearance 
concerns. 


ipment Locations 
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Figure 3-30. /nverters and other system com- 
ponents should be located as close together as 
possible. 


Most inverters can be installed either 
indoors or outdoors, as long as they are kept 
cool and dry and have enough space around 
them for airflow and working space. Invert- 
ers should be kept out of direct sunlight or 
other environments that can raise operating 


temperatures, limiting power output. Invert- 
ers can be very heavy, so plan for heavy-duty 
brackets or structural attachments. Inverters 
or other heavy equipment should not be in- 
stalled to dry wall only. 

Batteries should be installed within well- 
ventilated and protective enclosures. These 
may be in a garage or utility room, an air- 
conditioned space, outdoors, or buried in in- 
ground containers. Plans should account for 
substantial racks and foundations to support 
the weight of battery banks. 

The installer should also evaluate means 
and locations for conductor and conduit runs 
between the array and other equipment, as 
well as the locations for any junction boxes, 
disconnects, overcurrent protection devices, 
and other components. 


*- Site Layout Drawing — 
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Site Layout Drawings 


The layout of the site should be documented 
thoroughly for later use in the design, plan- 
ning, and preparing of installations. Site lay- 
out diagrams and sketches should identify the 
shape and dimensions of structures, and the 
locations and distances between major system 
components. See Figure 3-31. Use photo- 
graphs, drawings, and notes to document and 
record all pertinent site details while noting 
any special conditions affecting the design, 
installation, or safety of the installation. 


The best locations for PV equipment offer convenient access 


and proximity to both the array and the existing electrical 
System infrastructure. 
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Figure 3-31. A site layout drawing shows basic building dimensions and locations of major 


components. 
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Energy Audit 


An energy audit is a collection of information 
about a facility's or customer's energy use. 
An energy audit is a benchmark of energy 
use used to evaluate energy conservation 
strategies and size PV systems to meet load 
requirements. A review of a customer's past 
utility bills or meter readings can determine 
the total amount and cost of energy consumed 
per month. Energy bills from throughout a 
complete year can be compared to determine 
seasonal energy requirements for heating or 
cooling loads. 

The installer may need to conduct a de- 
tailed electrical load analysis, especially for 
systems that will include batteries. The analy- 
sis should include a list of each load and its 
estimated or measured peak power demand, 
average daily time of use, and total energy 
consumed. See Figure 3-32. Sometimes 
reasonable estimates of power consumption 
can be determined from equipment nameplate 
ratings, but measurements give the most accu- 
rate information. Special measurements may 
be required, such as in-rush current draw or 
power quality factors. Compare the results to 
utility bills to check estimates or reveal loads 
not already identified. 


* Load Analysis c —ÀÁ'ám 


Energy Conservation 

Energy conservation is a particularly important 
consideration in the design of stand-alone PV 
systems because it directly impacts the size and 
cost of the system required to meet the load re- 
quirements. It is sensible to apply conservation 
measures before installing PV systems because 
their initial costs and payback periods are usu- 
ally substantially less than increasing the size 
of the PV system. However, even consumers 
without PV systems or other renewable energy 
sources, benefit from energy conservation 
measures through reduced energy costs. 

Energy conservation measures fall into 
three general categories: modifying a building 
or its design to reduce energy consumed or 
lost, managing existing loads to reduce energy 
demand and waste, and replacing loads with 
newer and more efficient versions to reduce 
energy demand. 

The value of any specific conservation 
measure depends on the type of building, ap- 
plication, climate, and any other implemented 
conservation measures. However, many mea- 
sures can realize significant energy savings 
with low-to-moderate investments in time 
and money, and some require only a change 
in energy-use habits. 


Average 
Daily Use 


Average Daily 
Energy Use 


Figure 3-32. A load analysis is partof an energy audit, which is used to evaluate a customer's energy 


use for sizing PV systems utilizing batteries. 


Building Modifications. The efficiency of a 
building envelope determines how well it iso- 
lates the indoor environment from the outdoor 
environment. This separation affects the heat- 
ing and cooling loads, which are the most sig- 
nificant energy uses in most buildings. Energy 
loss or gain through the building envelope can 
be reduced by adding insulation, improving the 
weather sealing, and installing radiant barrier 
systems and efficient windows. 


Passive cooling strategies include landscap- 
ing and architectural features that shade walls 
and windows. Light-colored roof surfaces re- 
duce unwanted heat gain in the summer, while 
passive solar heating techniques can help heat 
a building in the winter. 


Energy Management. Energy management 
involves changing existing load opera- 
tions to reduce energy use and waste while 
maintaining the useful output. Examples of 
energy management include using automatic 
controls, adjusting setpoints, and adopting 
sensible choices in appliance use. 

Automatic controls are very effective at 
using energy efficiently. Daylight sensors, 
dimmers, photo switches, or occupancy sen- 
sors can control lighting equipment. Intelligent 
controls and programmable thermostats can 
optimize the operation of HVAC systems for 
any conditions. Also, each additional degree 
of heating or cooling uses progressively more 
energy. Increasing thermostat settings by a few 
degrees when cooling or reducing settings by 
a few degrees when heating can significantly 
reduce energy use. Also, ceiling fans improve 
air circulation and personal comfort without 
appreciably increasing cooling loads. 

Conventional ovens and ranges can add 
waste heat into a conditioned space. In the 
winter, the waste heat is useful and offsets a 
small portion of the heating load. In the sum- 
mer under cooling loads, however, it can be 
more energy efficient to use microwave ovens 
for cooking to avoid the unwanted heat. Excess 
heat from clothes dryers can also be avoided 
in the summer by line drying clothes. 


Load Efficiency. It is often cost effective to 
replace an appliance with a new and more ef- 
ficient one because lower energy consumption 
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reduces operating costs. Many types of appli- 
ances are constantly being improved for greater 
energy efficiency, including air conditioners, 
refrigerators, freezers, washing machines, 
entertainment equipment, and computer moni- 
tors. Most new appliances include information 
on energy consumption that can be used to 
compare the efficiency of different models. See 
Figure 3-33. 
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Figure 3-33. Energy-use labels on new appli- 
ances include information on energy consumption 
and operating costs. 


Many energy efficient lighting products can 
be integrated with little or no modification to the 
lighting system, such as by retrofitting compact 
fluorescent lamps into incandescent light fixtures. 
Heat losses from water heaters can be reduced 
by insulating tanks and distribution piping and 
lowering the thermostat setting. Conserving 
hot water also reduces energy use. Solar water 
heating can also be used to supplement the water 
heating needs in most locations. Front-loading 
washing machines consume much less energy 
and water, and are better at removing moisture 
from clothes during spin cycles. Newer clothes 
dryers are better insulated to lose less heat, and 
have motors that are more efficient. Many other 
strategies and appliances can be implemented to 
use energy more efficiently. 
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Alternative energy sources can be used to 
offset or substantially reduce electrical loads. 
Natural gas or propane is more efficient at heat- 
ing water and air than electricity, and can also 
be used to fuel compressors for refrigeration 
and air conditioning. 


The ENERGY STAR? label identifies appliances designed to 
use energy efficiently and reduce energy waste. Suppliers of 


renewable energy systems are also good sources of informa- 
tion on energy conservation and management. 


PREPARING PROPOSALS 


After all site survey data has been collected and 
evaluated, the installer uses the information 
to prepare a proposal for customer approval. 
Proposals for any PV system should include 
detailed information about the scope of work 
and schedule, a description of the services 
to be provided, the specific equipment to be 
installed, and the costs. Other information, 
including cost breakdowns, subcontracts, per- 
formance expectations, and value assessments, 
may also be provided. 


Cost Estimates 


Estimates of costs for PV installations depend 
on a number of factors, including equipment, 
materials, labor, transportation, and profit 
margin. Costs for modules, inverters, and other 
major components are reasonably well estab- 
lished, and in most cases distributed through 
certain networks from the manufacturer, 
through suppliers, to the individual contractor 
or installer. As with many industries, contrac- 
tors who purchase large amounts of equip- 
ment from a single supplier generally receive 
preferential pricing. The greatest variables in 
the costs are typically site-specific issues, such 
as difficult-to-access or hazardous locations, 
applications requiring special equipment, or 
custom-engineered or architecturally inte- 
grated designs. 

In developing cost estimates, be sure to in- 
clude all applicable external and ancillary costs 
such as architectural/engineering design, bid 
preparation and contract administration, rental 


equipment, permit and interconnection fees, and 
follow-up service contracts as applicable. 


Performance Estimates 


Proposals should include performance esti- 
mates for monthly and annual energy produc- 
tion. The estimates are a baseline for system 
performance that can be verified at commis- 
sioning and later compared to actual perfor- 
mance. Significant discrepancies between 
performance estimates and actual performance 
data may identify system problems requiring 
maintenance. Depending on the type of PV 
system, performance estimates may be deter- 
mined in different ways. 


Estimating System Size from Energy Re- 
quirements. Some PV systems are specifically 
designed to produce a certain amount of en- 
ergy, such as stand-alone systems or interactive 
systems with battery backup. These systems 
are sized from a minimum energy requirement 
that equals the expected electrical load require- 
ments during the lowest average insolation 
scaled up to account for losses in the system 
due to inefficiencies. Therefore, performance 
estimates for these systems are actually the 
initial specifications from which the rest of 
the system is designed. 


Estimating Performance from System Size. 
Interactive systems without a battery backup 
have no minimum output requirement. These 
systems are often sized based on space and/or 
cost limitations with a performance estimate 
that is the peak rating of the array scaled down 
to account for actual solar radiation, operating 
conditions, and the efficiencies of the power 
processing equipment. This is the opposite 
of the procedure for stand-alone systems or 
interactive systems with battery backup. The 
installer should clearly explain these losses to 
the customer to avoid unrealistic expectations. 


Value Assessment 


Quotations may provide one or more types of 
value assessment based on the system perfor- 
mance, though further value analysis is con- 
ducted after the system is sized. The methods 
for assessing the value of a PV system depend 
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on the system type, application, location, cost, 
performance, and other alternative power sup- 
ply options. 

Rebates, incentives, tax credits, and other 
PV system subsidies may substantially reduce 
the customer's actual cost, which increases 
the value. Value of a PV system can also be 
based on a comparison with competing power 
sources, such as a utility company. The value 
of the PV energy in dollars per kilowatt-hour 
is estimated from the total system cost (initial 
and life-cycle costs, minus subsidies) divided 
by the expected energy use over the lifetime 
of the system. Payback periods are estimated 
by dividing the total system costs by the 
avoided costs per year. 

Value for PV systems is also found in its 
application. For example, PV systems can 
provide power where no other practical op- 
tions exist. And for interactive systems with 
battery backup, the availability of back-up 
power when the grid is down can have con- 
siderable value, especially for critical loads 
such as refrigeration, communications, or 
data networks. 


INSTALLATION PLANNING 


Once a quotation has been accepted and a 
contract established, formal planning and 
preparation for the installation begins. Instal- 
lation planning builds on the information and 
knowledge gained through the preliminary 
assessment and site survey. 

The installer completes the final dcsign; 
prepares construction drawings; applies for 
permits, interconnection approval, and financ- 
ing; purchases equipment; and makes other 
preparations to complete the installation in the 
most efficient and timely manner. 


Design Completion 

For smaller or simpler applications, experi- 
enced installers may design the system and 
purchase all the equipment individually. An 
owner's manual must then be assembled by the 
installer and delivered to the customer at the 
time of commissioning and final acceptance. 
This system manual should include safety 


and hazard warnings, descriptions of major 
components and system operation, parts and 
source lists, electrical schematics, mechanical 
drawings, and information on maintenance, 
troubleshooting, and warranties. 

Alternatively, predesigned systems of- 
fered by major suppliers and integrators can 
simplify planning and preparation. Manuals, 
mechanical drawings, electrical schematics, 
and other documents are typically already as- 
sembled for these systems. As pre-engineered 
and well-documented systems, they facilitate 
approval for code compliance and utility 
interconnection. 

After completing the design, applications 
and construction drawings must be submit- 
ted for permits, utility interconnection, and 
incentive programs, as applicable. Submit 
designs to the AHJ and local utility as soon 
as possible so that any issues or concerns can 
be resolved early. This minimizes the risks 
of delays or significant system modifications 
after failed inspections. 


Logistics 

Logistics can be a significant issue in some 
projects, especially for remote, stand-alone 
systems. Installers should become familiar 
with local resources, such as the closest 
electrical supply and hardware businesses, 
accommodations, restaurants, and emergency 
facilities. The installer must also consider the 
time it takes to receive equipment, particularly 
the backlog of demand for modules, and when 
and how equipment will be delivered to the 
site, stored, and secured. 


Final Preparations 


Final preparations include developing a 
process-oriented approach for installing the 
array and other equipment. The installer 
must identify the appropriate installation 
practices, potential problems, or any special 
hardware or equipment needed for assembly. 
The installer should also anticipate needs for 
spare or replacement parts, and conduct as 
much system preassembly as possible prior 
to installation in the field. 
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* The installer must determine the customer's requirements and wishes regarding the future PV system. 


* The installer should research the available solar resource to determine the optimal array orientation. 
* Theinstaller should consider the average weather conditions and potential for severe weather. 


* The installer should investigate the local building codes and, when applicable, utility interconnection 
requirements. 


* Site surveys are conducted by observing, photographing, measuring, documenting, and diagramming all 
applicable site conditions related to a PV installation. 


* Certain equipment is required to conduct a site survey and collect the necessary information. 
* Potential array locations must have sufficient space for the estimated array area and an adequate orientation. 


* Sun path calculators, such as the Solar Pathfinder™ and Solmetric SunEye™, are common method of con- 
ducting shading analyses on potential array locations. 


* Potential locations for the array and other equipment should be evaluated for accessibility, structural integrity, 
and existing electrical infrastructure. 


* Adjustment for magnetic declination is necessary to determine the direction of due south when using a 
magnetic compass. 


e A site survey should include a sketch of the proposed array location and the surrounding structures and 
electrical equipment. 


* Anenergy audit reveals magnitudes and patterns of energy use that can be useful when sizing PV systems. 


* Energy conservation measures can improve the value of a PV system by reducing overall energy 
requirements. 


* Some systems are sized according to an energy production requirement, while other systems are designed 
to comply with constraints and have energy production estimated from the size. 


Definitions - 


e Asite survey isa visit to the installation site to assess the site conditions and establish the needs and require- 
ments for a potential PV system. 


* Magnetic declination is the angle between the direction a compass needle points (toward magnetic north) 
and true geographic north. 


* Asun path calculator is a device that superimposes an image of obstructions on a solar window diagram 
for a given location. 


* The profile angle is the projection of the solar altitude angle onto an imaginary plane perpendicular to the 
surface of an obstruction. 


* Anenergy audit is a collection of information about a facility's or customer's energy use. 
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A. . Review Questions 


1 


7 


. How is the available solar resource for a particular location determined? 


What environmental concerns can dictate the materials, design, and placement of a PV system? 


. What are some of the acceptable methods of fall protection? 


. How do desired output, module efficiency, and module density affect the required area of an array? 


3 
4 
5, 
6 
"m 


When might an optimal array orientation be southwest instead of due south? 


. Describe how magnetic declination is used to determine true south. 
. Why is shading analysis a critical part of a site survey and how does it affect potential array locations? 


. What are some of the methods for conducting a shading analysis? 


Describe some of the methods used to check for roof deterioration. 


. Describe the three general categories of energy conservation measures. 


. How are performance requirements and estimates related to array size? 


hotovoltaic Systems 
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Chapter Objectives 


» Describe the purposes and functions of the major components in PV systems. 

» Identify the common types of energy storage systems. 

e Compare the functions of various power conditioning devices. 

e Describe various energy sources that can be interfaced with PV systems. 

* Compare the features, requirements, and applications of various system configurations. 
e List various electrical and mechanical balance-of-system components. 


90 Photovoltaic Systems 


In addition to an array, all PV systems require 
electrical equipment to conduct, control, con- 
vert, distribute, store, and utilize the energy 
produced by an array. The specific compo- 
nents required depend on the application and 
operational requirements of the system. 


1:16 mri Arrowe 


The primary component common to all PV 
systems is the PV array. An array consists 
of individual PV modules that are electri- 
cally connected to produce a desired voltage, 
current, and power output. See Figure 4-1. 
Modules and arrays produce DC power, which 
can be used to charge batteries, directly power 
DC loads, or be converted to AC power by 
inverters to power AC loads or interface with 
the electric utility grid. 

The voltage of PV modules varies somewhat 
with temperature, and the current varies propor- 
tionately to solar irradiance, so power output 
is rarely constant. PV systems usually require 
means to store or condition power so that it can 
be used effectively by electrical loads. 


« Modules and Arrays 


Schott Solar 
Figure 4-1. PV modules are connected together to form an array, which 


is the primary DC power-generating source and principal component 
in any PV system. 


The term "panel" typically refers to a small group of modules, 
often three or four, physically and electrically connected to- 


gether as an installation unit. Panelization is sometimes used 
for quickly installing many small modules. i 


Batteries are by far the most common type of energy 
storage device used in PV systems. 


Enerav Storage Suctemc 
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Any power-generating system, including a PV 
system, faces the problem of matching energy 
supply with demand. Demand can fluctuate 
considerably and changes occur within min- 
utes or seconds. However, the output of most 
power generation technologies tends to be 
steadier or limited to certain times of the day. 
Matching electricity production to demand is 
either impossible or impractical, which means 
that an electricity supply does not always 
coincide with when it is needed. See Figure 
4-2. Excess energy must be stored for later 
use, and then recovered when it is needed at 
high demand. Energy storage systems balance 
energy production and demand. 


There are many types of energy storage 
systems, though not all are suitable for PV 
systems. Batteries, particularly lead-acid 
types, are by far the most common means of 
energy storage in PV systems. However, other 
types of energy storage systems can be used, 
and advanced energy storage technologies 
are expected to compete with battery sys- 
tems in the future. Energy storage systems 
are characterized by the form of energy they 
store and how it is utilized or converted into 
other forms. 


Batteries. Batteries convert electrical energy 
into chemical energy when charging and vice 
versa when discharging. Batteries vary greatly 
in size, cost, and performance. Although a num- 
ber of rechargeable battery types can be used in 
PV systems, lead-acid batteries are most com- 
mon. Other types, including nickel-cadmium, 
nickel-metal hydride, and other advanced 
battery technologies, can also be used in PV 
systems but are considerably more expensive. 

Most PV systems that employ batteries 
require more capacity than can be supplied 
by a single battery. A battery bank is a group 
of batteries connected together with series 
and parallel connections to provide a specific 
voltage and capacity. See Figure 4-3. Batteries 
in a PV system are charged by the array when 
sunny and discharged by loads when cloudy 
or at night. 

In addition to energy storage, batteries pro- 
vide short surge currents for loads with special 
starting requirements, which PV modules (as 
current-limited power sources) cannot provide. 
Most importantly, batteries establish a stable 
system operating voltage, at which the array 
and loads both operate. A stable system voltage 
allows the array to be optimized for maximum 
power and electrical loads or inverters to oper- 
ate at their rated voltages, avoiding damage 
from high voltages or reduced performance 
from low voltages. 

Batteries are characterized by their chemis- 
try, nominal voltage, and energy storage capac- 
ity in ampere-hours or kilowatt-hours. They 
can also be evaluated in terms of their specific 
energy (KWh/kg), specific power (kW/kg), or 
cost (S/KWh), when comparing various battery 
types and other forms of energy storage. 


Flywheels. Flywheels are being developed as 
a practical energy storage solution. Flywheels 
are large, spinning rotors and are commonly 
used to transfer power from motor and engines 
to pumps and other rotational loads. Because 
flywheels resist changes in rotation speed, 
they help steady the rotation from uneven 
power sources like piston engines. Flywheels 
can also be used to store large amounts of ki- 
netic (motion) energy and release it in a short 
amount of time. 
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Figure 4-2. Since the supply of energy from a PV array rarely matches 


the energy demand 
usually required. 


at a given time, some type of energy storage is 


* Battery Banks p 
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Figure 4-3. PV systems with battery storage usually require more than 
one battery. A battery bank is a group of batteries connected together 


to provide a specific 


voltage and capacity. 


Sealed lead-acid batteries, although more costly than open- 
vent lead-acid batteries, are the most common type of bat- 


tery in small- to 
is because they are generally easier to transport, install, and 
maintain than open-vent batteries. 


medium-size stand-alone PV systems. This 
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Excess energy is stored by powering an 
electric motor that spins the flywheel to high 
speeds. The flywheel can remain spinning for 
quite some time with very little loss of speed 
(kinetic energy). To recover the energy, the 
motor is switched from a power source to a 
load. It becomes a generator and produces 
electricity from the stored kinetic energy. 
See Figure 4-4. The amount of energy stored 
depends on the mass, shape, and speed of the 
flywheel. Flywheel energy storage systems 
are highly reliable and require little or no 
maintenance. Small-scale systems can store 
2 kWh to 25 kWh of power with an efficiency 
of up to 90%. 


« Flywheel Energy Storage 
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Figure 4-4. Flywheel energy storage systems 
convert and store electrical energy as kinetic (mo- 
tion) energy in the rotation of a heavy rotor. 


Supercapacitors. Capacitors store energy in 
an electrical field developed by two oppositely 
charged parallel conductive plates separated 
by a dielectric (insulating) material. When 
charging, an accumulation of charge on one 
plate builds up a voltage between the plates. 
Capacitance is the ability to store an electrical 
charge and is measured in farads. Conventional 
capacitors are common in electronics circuits, 
although the amount of energy stored is ex- 
tremely small (corresponding to capacitances 
of microfarads and millifarads) and is released 


quickly. Supercapacitors build on basic capaci- 
tor technology by using advanced materials to 
increase capacitance to hundreds or thousands 
of farads per cell, resulting in significantly 
greater energy capacity. See Figure 4-5. 
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Figure 4-5. Supercapacitors store energy by ac- 
cumulating a charge on pairs of thin foil plates. The 
plates are usually wrapped into a cylinder shape. 


Supercapacitors are a suitable replacement 
for batteries in many low-power applications. 
They have fast response times, nearly infinite 
cycle life without loss of performance, and do 
not release heat during discharge. They can 
also smooth out power fluctuations in electrical 
systems, improving power quality. 


Power Conditioning Equipment 


Power conditioning equipment converts, con- 
trols, or otherwise processes the DC power 
produced by a PV array to make the power 
compatible with other equipment or loads. 
Power conditioning equipment includes in- 
verters, charge controllers, rectifiers, chargers, 
DC-DC converters, maximum power point 
trackcrs, and power quality equipment. These 
components may be individual devices or may 
be combined into a single power unit. A power 
conditioning unit (PCU) is a device that in- 
cludes more than one power conditioning func- 
tion. However, since an inverter is commonly 
the major component in a multifunction PCU, 
the unit is still often called an “inverter.” 
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There are many ways to store electrical energy, though some are only practical for large- 
scale applications. However, innovative system designers have been able to adapt some 
principles used for large-scale energy storage for use in smaller systems. Additionally, new 
technologies are continuously being developed for possible use in PV applications. 


Pumped Water 


Pumped water systems use off-peak electricity (when demand is low, usually during the 
night) to pump water up to elevated reservoirs, in effect storing electricity in the form of 
potential energy. Potential energy is a source of future energy due to position. Water in an 
elevated reservoir has potential energy because energy was required to pump it up to an 
elevation and, if allowed, the water would flow back down. Potential energy is converted 
back into electrical energy when it is needed (when demand is high, usually during the day) 
by releasing water and directing its flow through turbine generators. 

The energy capacity of water storage systems is determined by the volume of water 
stored, the maximum flow rate, and the vertical height that the water falls. Efficiencies in 
these systems are approximately 70% to 85%. That is, about 70% to 85% of the energy used 
to pump the water can be reclaimed when the water is released. These systems can store 
many megawatts of power for very long periods, though the energy is generally reclaimed 
within hours. The disadvantage of this technology is that it requires a specific set of circum- 
stances to be feasible, such as a significant source of water and optimal geography. 


Compressed Air 


Compressed air systems are another form of large-scale energy storage. Similar to the prin- 
ciple of pumped water energy storage, off-peak power is used to compress air into sealed 
containers, storing potential energy. In large systems, underground caverns can serve as 
the container. The compressed air is later released to drive turbine-generators. 

Because typical gas turbine generators use as much as two-thirds of the energy pro- 
duced to drive the compressor, compressed air systems can also be used to improve the 
performance of gas turbines. The heated compressed air is mixed with oil or gas, burned, 
and the expanding mixture is used to drive turbine generators and produce electricity. 
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Inverters. Àn inverter is a device that con- 
verts DC power to AC power. In PV systems, 
inverters convert DC power from battery 
banks or PV arrays to AC power for AC loads 
or export to the utility grid. See Figure 4-6. 
Inverters are characterized by power source, 
power ratings, input and output voltages, 
waveform, power quality, and power conver- 
sion efficiency. Inverters used in PV systems 
are further classified as either battery-based or 
utility-interactive types. 

Battery-based inverters are used in stand- 
alone PV systems and operate directly from 


or 240 V single-phase power, with power rat- 
ings from a few hundred watts to over 10 kW. 
The actual output is determined by the power 
demand from the loads. Some models may be 
combined in parallel to produce greater output 
power levels. Most battery-based inverters also 
include built-in battery chargers and some may 
control system loads or other energy sources 
such as engine generators. 


Resistive lighting loads, such as incandescent or halogen 
lamps, can be powered by either DC or AC, but are less effi- 
cient and do not last as long as fluorescent and LED lighting. 


battery banks as their input source. The DC 
input corresponds to nominal battery bank 
voltages, usually 12 V, 24 V, or 48 V. Higher 
voltages are used for higher output power re- 
quirements. The AC output is typically 120 V 


LEDs can be operated directly by DC power, while fluorescent 
lighting requires a DC ballast. 
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Figure 4-6. /nverters convert DC power from batteries or arrays into AC power to serve local loads 


or for export to the utility grid. 


A power conditioning unit is the most complex electronic device in a PV s ystem 
because it must manage many functions simultaneously, such as inverting, 
monitoring, and switching. 


Utility-interactive inverters draw power 
directly from PV arrays and operate in parallel 
with the utility grid. Modern interactive invert- 
ers adapt to a wide range of DC input voltages 
and match AC output to the utility system. 
Typical AC output voltages are 120 V or 
240 V single-phase units with power outputs up to 


10 kW, while 208 V and 480 V three-phase 
units are available from around 10 kW up to 
a few hundred kW. Utility-interactive inverter 
output is determined by the DC input from 
the array, unlike the output from battery-based 
inverters, which is determined by the load. The 
output of interactive inverters is supplemental to 
utility-supplied power, so it must be matched 
and synchronized to the utility power in order 
to be combined. Excess power can be fed back 
to the utility grid if not needed by local loads. In 
this situation, the utility functions as an infinitely 
large battery bank for excess electricity storage 
and additional electricity retrieval, as needed. 


Charge Controllers. Nearly every PV system 
that uses a battery requires a charge controller. 
See Figure 4-7. A charge controller is a device 
that regulates battery charge by controlling the 
charging voltage and/or current from a DC 
power source, such as a PV array. Charge con- 
trollers protect the battery from overcharge and 
overdischarge, improving system performance 
and prolonging battery life. 


Charge controllers regulate battery charging 
by terminating or limiting the charging current 
when the battery reaches a full state of charge. 
Charge controllers may also protect batteries 
from extreme discharges by disconnecting 
electrical loads when the battery reaches a low 
state of charge. Charge controllers are charac- 
terized by their method of charge regulation, 
voltage and current ratings, and other features 
and functions. 


Rectifiers and Chargers. A rectifier is a de- 
vice that converts AC power to DC power. A 
charger is a device that combines a rectifier 
with filters, transformers, and other compo- 
nents to condition DC power for the purpose 
of battery charging. See Figure 4-8. Battery 
chargers are used in PV systems with an AC 
power source available, such as the utility grid 
or an engine generator, to provide supplemen- 
tal battery charging. A battery charger can be 
an independent component or an integral part 
of a battery-based inverter. Battery chargers 
are characterized by their AC input and DC 
output ratings, methods of charge regulation, 
and efficiency. 


DC-DC Converters. A DC-DC converter is a 
device that converts DC power from one volt- 
age to another. For example, a power input of 
48 V at 10 A can be converted to an output of 
24 V at almost 20 A (some losses from con- 
version). These devices are sometimes used 
in battery-based PV systems to power loads 
at voltages higher or lower than the nominal 
battery voltage. Some are capable of providing 
more than one output voltage simultaneously. 
They can also convert high voltage from an 
array to a lower battery-charging voltage at 
higher current. DC-DC converters are char- 
acterized by power rating, input and output 
voltages, and power conversion efficiency. 


Maximum Power Point Trackers. The voltage 
and current output from an array can vary with 
temperature, irradiance, and load. Various com- 
binations of these factors produce power out- 
puts anywhere between the rated (maximum) 
power level and zero. For any combination of 
temperature and irradiance, there is a maximum 
possible power output that corresponds to a 
certain voltage and current. A maximum power 
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point tracker (MPPT) is a device or circuit that 
uses electronics to continually adjust the load 
on a PV device under changing temperature and 
irradiance conditions to keep it operating at its 
maximum power point. 

An MPPT circuit monitors array condi- 
tions and dynamically changes its resistance 
or input voltage to maximize power from 
an array. The rest of the MPPT works like a 
DC-DC converter and delivers power at any 
output voltage required by the load. MPPT 
functions are included with inverters and 
some charge controllers. 

Charge controllers with MPPT and DC- 
DC conversion circuits can be beneficial for 
systems with large arrays or arrays located far 
from the battery bank. The array is configured 
at a higher voltage, which lowers the current. 
Lower current reduces voltage drop and the 
size and cost of conductors and switchgear 
needed. The system then converts the voltage 
to the required charging level. 


Simple interactive inverters are not suitable for providing 
back-up power because they must be shut down during utility 
outages for safety reasons. Bimodal inverters are required to 
provide battery backup during utility outages. 


Morningstar Corp. 


Figure 4-7. Charge controllers protect batteries in PV systems from 


overcharge or excessive discharge. 
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Power Quality Equipment. Although power 
quality management is inherent to most invert- 
ers, additional equipment may be required in 
some systems to improve the power quality of 
the inverter output. Power quality equipment 
may also be used to address poor power quality 
of utility power or other sources. 


Electrical Loads 


An electrical load is any type of device, equip- 
ment, or appliance that consumes electricity. 
They are characterized by purpose, operating 
voltage, and power demand, and vary widely 
in performance and other characteristics. Elec- 
trical loads typically require either DC or AC 
power, though some may operate from either, 
such as resistive loads or universal motors. 

Stand-alone PV systems are designed as the 
sole power source for loads, so the energy con- 
sumed by the load determines the size and cost 
of the required array and battery. In interactive 
PV systems, the PV power is only supplemen- 
tal to other power sources, so the size of the 
loads has little influence on the size, operation, 
or performance of the PV system. However, 
in either circumstance, the efficiency of the 
loads is vital to designing the most practical, 
efficient, and cost-effective system. 
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Small stand-alone PV systems are often used to power 
medical refrigerators in remote areas. To avoid losing 
energy in the inverting process, some refrigerators are 
designed to run on DC power. 


Some loads have special characteristics that 
affect their energy use. For example, most mo- 
tors require a high starting current. Electrical 
loads may also be categorized by importance. 
When power is limited, less critical loads can 
be disconnected from the system to preserve 
remaining power for more critical loads. 


DC POWER 
OUTPUT TO 
BATTERIES 


Figure 4-8. Rectifiers and chargers make AC power from sources such as the utility or engine gen- 
erators available for charging batteries or other DC loads. 


DC Loads. Since a PV array produces DC 
power, DC loads are used in many PV ap- 
plications to avoid having to invert the power 
to AC. This simplifies the design and installa- 
tion and eliminates the cost of an inverter. DC 
loads may be powered directly from arrays or 
batteries. The most common DC loads used in 
PV systems are lighting fixtures and motors 
for fans and pumps. Most DC loads operate at 
12 V, 24 V, or 48 V. 

Most DC loads and appliances are produced 
for the marine and RV markets and are readily 
available from retailers specializing in those 
areas. However, because they are not intended 
for use in buildings, they may not meet ap- 
plicable building codes and regulations. DC 
appliances should be carefully checked for 
listing to applicable safety standards. 


AC Loads. AC loads are powered from in- 
verters, generators, or the utility grid. AC 
loads operate at normal service voltages and 
at a specific frequency. Most residential and 
commercial loads are AC loads, including 
refrigerators, air conditioners, televisions, 
lighting, and motors. AC loads are more widely 
available and usually less expensive than 
comparable DC loads. AC loads may require 
single-phase or three-phase power at voltages 
from 120 V to 480 V. 


Balance-of-System Components 

Balance-of-system (BOS) components are 
all the remaining electrical and mechanical 
components needed to integrate and assemble 
the major components in a PV system. See 
Figure 4-9. BOS components are also an 
important part of safety management. 


Mechanical BOS Components. Mechanical 
BOS components include fasteners, brackets, 
enclosures, racks, and other structural support 
for the safe and reliable installation of PV 
system components. Additional mechanical 
BOS components, such as fencing, handrails, 
access ladders, and building or architectural 
components associated with the PV system, 
depend upon the particular PV installation. 
For PV water delivery systems, storage tanks, 
pumps, and distribution equipment are consid- 
ered mechanical BOS components. 
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Electrical BOS Components. Electrical 
BOS components include conductors, cables, 
conduits, junction boxes, enclosures, connec- 
tors, and terminations needed to make circuit 
connections between modules, controllers, 
batteries, inverters, and other electrical systems 
and equipment. Electrical BOS hardware also 
includes switchgear, overcurrent protection 
devices, and grounding equipment needed 
to safely isolate and protect major compo- 
nents and conductors from overload and fault 
conditions. Instrumentation and monitoring 
equipment may also be considered BOS com- 
ponents, as would any special surge protection 
devices, power quality equipment, related con- 
trol systems, or dedicated electrical loads. 


SolarWorld TNNT 
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Schott Sola. 
ELECTRICAL — 
Figure 4-9. Balance-of-system (BOS) compo- 
nents include all the additional mechanical and 
electrical parts needed to connect and secure 
the major components. 


DC loads are no more efficient than comparable AC loads. 
However, using DC power instead of AC power whenever 


possible avoids the power losses inherent with the inverting 
process, increasing overall system efficiency. 
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Other electrical systems may be integrated 
with PV systems as additional sources of elec- 
trical energy, depending on the type of system 
and application requirements. Besides the 
PV array, an electric utility grid is the source 
of electricity that is by far most commonly 
connected to PV systems. Other electricity 
sources include engine generators, gas-turbine 
generators, uninterruptible power supplies, 
wind turbines, micro-hydroelectric turbines, 
and fuel cells. 


Engine Generators 


An engine generator is a combination of an 
internal combustion engine and a generator 
mounted together to produce electricity. A 
generator is a device that converts mechani- 
cal energy into electricity by means of elec- 
tromagnetic induction. The arrangement is 
also sometimes called an engine generator 
set, or genset. 

Generators are typically driven by internal- 
combustion piston engines. These engines burn 
a compressed fuel-air mixture, which moves 
reciprocating pistons that drive a crankshaft. 
The crankshaft then transfers mechanical 
power to the generator shaft. The generator 
uses electromagnetic principles to convert 
the rotation of the shaft into electricity. See 
Figure 4-10. 
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Figure 4-10. Engines use reciprocating pistons to create mechanical 
power, which is then converted to electrical power in the generator. 


Generators can be designed to produce from 
a few hundred watts of single-phase power 
to several megawatts of three-phase power. 
Small portable engine generators are used for 
emergency residential power or on job sites 
for temporary power. Standby engine genera- 
tors are permanent, medium to large systems 
used for larger back-up and temporary power 
applications, but are not run continuously as 
a primary power source. See Figure 4-11. 
Prime-duty engine generators are also medium 
to large systems, but are designed to operate 
continually as a primary source of power. 


Figure 4-11. Engine generators are usually in- 
stalled as a complete, integrated package. 


Engines used with generators are typically 
fueled with gasoline, diesel, propane, or natural 
gas. Small systems typically run on gasoline 
because of its widespread availability, while 
larger systems can be designed for any of 
these fuels, though diesel is the most common. 
The type of fuel affects the load response of 
the engine generator. Diesel engines are well 
suited for constant loads, whereas gasoline 
engines can respond quickly to changing loads. 
However, diesel engines generally have better 
partial-load efficiency, run slower, are more 
robust, last longer, and require less mainte- 
nance, so they are predominately used for large 
stationary applications. 
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Engine generators are characterized by their 
output rating, engine type, fuel source, and 
fuel-to-power conversion efficiency. Engine 
generators also require auxiliary equipment 
to safely and successfully start, operate, and 
interface with other systems. Some PCUs can 
control engine generators for battery charging 
and powering certain AC loads. 


b Transfer Switches 


A transfer switch allows an electrical 
system to be quickly and safely switched 
from a primary power source to an al- 
ternate power source in order to keep 
critical loads operating. The most common 
configuration is an emergency engine 
generator to back up the utility power. 
Transfer switches may also be used with 
PV systems, typically those in off-grid 
residences or facilities that rely on alter- 
nate power from engine generators when 
insolation is low or the PV system cannot 
charge the battery system. 

Transfer switches are either manual or 
automatic. With a manual transfer switch, 
the transfer to alternate power is done by 
a person physically activating the switch. 
If the alternate power source is an engine 


Gas Turbine Generators 


A gas turbine is a device that compresses and 
burns a fuel-air mixture, which expands and 
spins a turbine. A turbine is a bladed shaft that 
converts fluid flow into rotating mechanical 
energy. The shaft power from the turbine can be 
used to drive a generator to produce electricity. 
See Figure 4-12. Gas turbines are essentially 
jet aircraft engines developed for stationary 
applications. Gas turbines are combined with 
generators to form electricity producing units 
similar to piston-driven engine generators. 

Gas turbine generators produce up to several 
hundred megawatts of power and are used in 
large industrial plants, ships, and vehicles such 
as tanks. Gas turbines have a better power-to- 
weight ratio than internal combustion engines, 
which means that they can generate more power 
from smaller, lighter equipment. The main dis- 
advantages of gas turbine generators are high 
cost and complexity. They typically run on 
natural gas, liquefied petroleum gas, diesel, or 
kerosene fuels. Gas turbine generators are best 
suited for constant loads. 


generator, additional start-up procedures 
are required to bring the engine up to nor- 
mal operating conditions before making 
the transfer. 

Automatic transfer switches continually 
monitor the primary power source. When 
the voltage falls below a certain level, the 
switch automatically starts a power trans- 
fer, such as sending electronic commands 
to an engine generator to initiate its start-up 
sequence. When the switch detects the 
proper voltage and frequency on the alter- 
nate source, it completes the transfer. The 
switch can also manage an automatic and 
controlled transfer back to primary power 
when it becomes available again. 

In all cases, the primary power source 
must be completely disconnected from 
the electrical system before the alternate 
power source is connected. This prevents 
the power from back-feeding into the pri- 
mary system but results is a short power 
interruption. Depending on the system, 
the interruption may last from a fraction 
of a second to several seconds. 

rr 


Some engine generators can operate on more than one fuel 
type. For example, a large back-up power system may be con- 
nected to a gas line and operate from natural gas under normal 
outage conditions. However, if the gas supply is interrupted, 
such as during a natural disaster, the engine may run using 
an on-site reserve of diesel fuel. 


Automatic transfer switches monitor utility power and engage auxiliary power 
sources, such as an engine generator, if the power falls below preset limits. 
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Figure 4-12. Gas turbines have separate compressor and turbine sections that work together to send 


mechanical power to a generator. 


Microturbines are small gas turbine gen- 
erators that produce up to a few hundred kilo- 
watts of power. These have been adapted for 
portable or distributed power for demand-side 
applications, as opposed to primary genera- 
tion. Microturbines are installed at industrial 
or commercial facilities to supplement the 
utility during peak loads or provide back- 
up power. Combined heat and power (CHP) 
microturbines produce both thermal energy 
and electricity, improving the overall effi- 
ciency of the process. 


Uninterruptible Power Supplies 


An uninterruptible power supply (UPS) is a 
battery-based system that includes all the ad- 
ditional power conditioning equipment, such 
as inverters and chargers, to make a complete, 
self-contained power source. In standby mode, 
a UPS system keeps its batteries at a full state 
of charge from utility power. When a utility 
disturbance occurs, an automatic transfer cir- 
cuit isolates critical loads from the utility, and 
supplies AC power inverted from DC power 
from the battery. 


Depending on wind speed, wind turbines turn at variable 
speeds, which normally produces AC power with variable 
frequency. Some wind turbines are designed to match utility 


frequency by using utility power in the generator’s exciter 
circuit. Others convert the AC power to DC and then back to 
AC, matching the frequency of the utility grid. 


Small UPS systems are commonly used by 
businesses and homeowners to back up com- 
puters, security systems, office equipment, and 
other critical loads for short periods (minutes) 
in the event of utility outages. Large systems 
can be used to power large equipment or entire 
facilities for extended periods (hours). The size 
of the battery bank determines the magnitude 
and duration of critical load operation. 

UPS systems are often used to supply power 
during the transition from utility power to a 
back-up power source, such as engine genera- 
tors. UPS systems rely on an external power 
source to charge the batteries. A PV array can 
charge the batteries when the primary source 
of power is lost, extending the time that loads 
can be supplied with power. 


Wind Turbines 


A wind turbine is a device that harnesses 
wind power to produce electricity. The wind 
rotates aerodynamic surfaces and the result- 
ing mechanical energy drives a generator to 
produce electricity. See Figure 4-13. Wind 
power increases significantly with wind speed 
and wind turbines are viable in areas with 
an average wind speed greater than about 
12 mph. Small wind turbines from 1 kW to 
20 kW peak output are often used in conjunc- 
tion with PV systems as an alternative energy 
supply. Large commercial! wind turbines can 
produce up to a few megawatts and have rotor 
diameters up to a few hundred feet. 
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*- Wind Turbines 
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Figure 4-13. Wind turbines convert the power of 
the wind into electrical energy. 


Wind turbines are generally classified by 
size, output, turbine blade type, axis of rota- 
tion, and electrical generation, control, and 
regulation characteristics. Most wind turbines 
use horizontal-axis rotors with variable yaw 
and pitch, and electronic clutch mechanisms to 
load and unload the machine and for stowing 
during excessive winds. 

Wind turbines can be integrated with 
other electrical systems and equipment in very 
similar ways to PV systems. They can oper- 
ate in parallel with the utility grid, and supply 
supplementary power to site loads. In addition, 
they may be used to charge batteries that are 
used to power system loads as required. 


Micro-Hydroelectric Turbines 


A micro-hydroelectric turbine is a device that 
produces electricity from the flow and pressure 
of water. Moving water acts against turbine 
blades, rotating a shaft that operates an elec- 
trical generator. The principles are the same 
as for large-scale hydroelectric plants, such 
as the Hoover Dam, but on a much smaller 
scale. Micro-hydroelectric systems are those 
with electrical outputs less than 100 kW. Many 
rural and off-grid consumers have successfully 
implemented micro-hydroelectric turbines 
in nearby streams and rivers as an auxiliary 
power source. A significant advantage to these 
systems is a very steady supply of power. 


Fuel Cells 


A fuel cell is an electrochemical device that 
uses hydrogen and oxygen to produce DC 
electricity, with water and heat as byproducts. 
Although similar to batteries, fuel cells are 
different in that they require a continual re- 
plenishment of the fuel and oxidizer reactants 
(such as hydrogen and oxygen). 

A typical fuel cell element consists of a 
cathode and anode separated by an electro- 
lytic membrane material. See Figure 4-14. 
As hydrogen gas flows across the anode, 
electrons are stripped from the hydrogen and 
flow through an external circuit, re-entering 
the fuel cell at the cathode. At the same time, 
positively charged hydrogen ions migrate 
across the membrane to the cathode, where 
they combine with oxygen and the returning 
electrons to form water and heat. Typical fuel 
cell efficiency is about 50% to 70%, though 
it may be higher if the heat byproduct is also 
utilized, such as for water heating. 
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Figure 4-14. Fuel cells use reactants such as hydrogen and oxygen 
in a process that transfers electrons, with only water and heat as 
byproducts. 


An electrolyzeris an electrochemical device 
that uses electricity to split water into hydrogen 
and oxygen. This is the opposite process as is 
used in a fuel cell and is analogous to charging 
a battery. An electrolyzer may be coupled to a 
PV system to produce hydrogen and oxygen, 
which can be stored and later used in fuel cells 
to generate electricity. Hydrogen can also be 
generated from traditional fuels, such as oil 
and natural gas products, using a device called 
a reformer. 
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PV SYSTEM CONFIGURATIONS 


The simplest PV system configuration is a PV 
module or array connected directly to a DC 
load. Other components can be added to pro- 
duce increasingly complex and sophisticated 
systems. A large number of combinations are 
possible for PV systems. The optimal con- 
figuration for an application depends on load 
usage, load type, solar resource, auxiliary 
power sources, and many other factors. 


Stand-Alone Systems 


A stand-alone PV system is a type of PV system 
that operates autonomously and supplies power 
to electrical loads independently of the elec- 
tric utility. Stand-alone PV systems are most 
popular for meeting small- to intermediate- 
size electrical loads, and are extensively used 
when other energy sources are cost-prohibitive 
or impossible. Stand-alone systems may be de- 
signed to power DC and/or AC electrical loads, 
and typically store energy in batteries. 

A stand-alone system may use a PV array 
as the only power source or may include one 
or more additional power sources, such as 
engine generators or wind turbines. However, 
most stand-alone systems do not interact with 
the utility grid. 

Stand-alone PV systems are sized and 
designed to power a specific electrical load 
using the solar radiation resource at a given 
location. Since the size and cost of any stand- 
alone system is related to the magnitude and 
duration of the electrical load and the solar 
resource, energy efficiency is critical. For these 
reasons, a thorough load analysis is the first 
step required in the design and installation of 
any stand-alone system. 

Stand-alone PV systems are classified by 
their major components and the manner in 
which they operate in combination with other 
energy sources. 


Direct-Coupled Systems. A direct-coupled 
PV system is a type of stand-alone system 
where the output of a PV module or array is 
directly connected to a DC load. These sys- 
tems do not include any power conditioning 
equipment or electrical energy storage. The 


only other components are BOS components 
such as mounting systems and disconnects. See 
Figure 4-15. Without batteries, direct-coupled 
systems are appropriate only when energy de- 
mand coincides with energy generation (when 
the sun is shining). Because PV output varies 
with irradiance, the load must also be capable 
of operating over a range of voltages. 


* Direct-Coupled Systems 


Figure 4-15. The simplest type of PV system is 
the direct-coupled system, consisting of only an 
array and a DC load. 


DC motors are the most common loads 
for direct-coupled systems, including water 
pumps and ventilation fans. Direct-coupled 
PV systems are common for pumping potable 
and agricultural water supplies. In most of 
these applications, the water is either used as 
it is pumped or is stored in reservoirs or tanks. 
Direct-coupled ventilation fans provide airflow 
in proportion to irradiance, which is useful for 
applications such as attic ventilation. Circula- 
tion pumps for solar water-heating systems 
are also ideal applications of direct-coupled 
PV systems because the need to circulate 
hot water from a solar collector to a storage 
tank coincides with PV output. In this sense, 
direct-coupled PV circulation pumps provide 
inherent system control, eliminating the need 
for temperature controls to start and stop the 
circulation pump. 

While direct-coupled systems are the 
simplest form of any PV system in terms of 
equipment, they are perhaps the most complex 
to design properly due to the lack of energy 


storage or system control. Matching the electri- 
cal load to the array is a critical part of design- 
ing a well-performing direct-coupled system. 
Because the output of the array changes with 
temperature and irradiance, the load does not 
always keep the array at its maximum power 
point. DC-DC converters or MPPT devices 
can be added to help better utilize the array 
power output. 


Self-Regulated Systems. Most stand-alone 
PV systems require some type of energy 
storage, and batteries are the most common 
choice. Batteries are sized based on the ex- 
pected magnitude and duration of electrical 
loads, and system operation characteristics. 
The PV array (and any auxiliary energy 
sources) must then be properly sized to fully 
charge the battery under the conditions of 
highest load and lowest solar insolation for 
the given application and site. 

A self-regulating PV system is a type of 
stand-alone PV system that uses no active 
control systems to protect the battery, except 
through careful design and component sizing. 
It consists of only an array, battery, and load. 
Fewer components means a less expensive 
and more reliable system, but only if the 
system is properly designed. Otherwise, the 
system is vulnerable to overcharging or un- 
dercharging the battery. See Figure 4-16. 
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In order to prevent damaging the battery 
or charging it incompletely, the size of each 
component must be matched to the others. The 
magnitude and duration of the load must be 
known to a high degree of accuracy. The load 
must have a consistent load current and day-to- 
day energy requirement or it must be controlled 
automatically. Consequently, these designs are 
not suitable for applications where the load is 
highly variable or externally controlled by a user 
or operator. 

To protect the battery from overcharge, the 
battery system must be oversized in relation 
to the size of the array, which keeps charging 
current low. Specially designed modules also 
prevent overcharge by having a voltage range 
that closely matches the voltage of a fully 
charged battery. 


Charge-Controlled Systems. If loads are 
variable or uncontrolled, charge control is 
required to prevent damage to the battery 
from overcharge or overdischarge. Charge 
control typically involves interrupting or lim- 
iting the charging current to a fully charged 
battery to prevent overcharge. Alternatively, 
the charging current can be diverted to a use- 
ful, but noncritical, auxiliary load to avoid 
wasting the excess power. See Figure 4-17. 
Charge control is required by the NEC? if 
the array current is equal to 3% or more of 
the rated battery capacity in ampere-hours. 
For example, a 100 Ah battery would require 
charge control if the maximum array charging 
current exceeds 3 A. 


Self Regulating Navigational Aids 


Figure 4-16. Self-regulating systems avoid the 
complexity of adding charge control components 
by precisely sizing the battery and array. 


Perhaps the most successful application of a self-regulating 
PV system is the design of solar-powered marine navigational 
beacons. The electrical load is an incandescent lamp that has 
well-defined current draw and flash duration. The battery is 
large in relation to the size of the array and the load in order 
to meet energy requirements of the lamp under conditions of 
highest load (long winter nights) and lowest insolation (short 
winter days). Most importantly, low-voltage modules limit the 
charging current as the battery reaches full charge, preventing 
overcharge. The U.S. Coast Guard and other maritime authori- 
ties have deployed tens of thousands of these navigational 
aids on buoys and channel markers around U.S. coasts and 
inland waterways. 
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£ Charge-Controlled Stand-Alone Systems 
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Figure 4-17. Systems with charge control regulate the charging current into the battery. Regula- 
tion may involve disconnecting or limiting the array current or diverting the excess current into an 


auxiliary load. 


Stand-alone systems with battery stor- 
age also need to protect the batteries from 
overdischarge. Overdischarge protection 
typically involves disconnecting loads at a 
predetermined low voltage, corresponding to 
a low state of charge. Charge controllers may 
include this type of load control, or a separate 
load controller may be required. 

When typical AC loads and appliances are 
used in stand-alone PV systems, an inverter 


converts DC power from the batteries to AC 
power at suitable voltage and power levels. 
However, the inverter adds system complexity 
and cost, and some power is lost in the con- 
version process. Typically, the DC input for 
stand-alone inverters is connected directly to the 
battery bank, and the AC output is connected to 
a distribution panel to power the AC loads. DC 
loads may also be powered directly from the 
battery bank. See Figure 4-18. 


*- Stand-Alone Systems for AC Loads. 
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Figure 4-18. Stand-alone systems for AC loads must include an inverter, which draws DC power from 
the battery bank and changes it to AC power for distribution. 


Utility-Interactive Systems 


A utility-interactive system is a PV system 
that operates in parallel with and is connected 
to the electric utility grid. These systems are 
sometimes called “grid-connected” or simply 
“interactive” systems. These systems are the 
simplest and least-expensive PV systems that 
produce AC power because they require the 
fewest components and do not use batteries. 
The primary component in a utility-interactive 
system is the inverter, which directly interfaces 
to the array and the electric utility network and 
converts DC output from an array to AC power 
that is synchronous with the utility grid. See 
Figure 4-19. Utility-interactive systems are 
modular, so large systems can be designed 
as multiple smaller systems with individual 
inverters, which are then connected together 
at a common utility connection. 
Utility-interactive systems have a bi- 
directional interface with the utility at the dis- 
tribution panel. When the PV system does not 
produce enough power to meet system loads, 
additional power is imported from the utility. 
If there is an excess of PV power, the excess 
power is fed back (exported) to the grid. 


Net Metering. If the PV system uses net 
metering, the utility’s electricity meter runs 
backwards when power is exported from 
the PV system to the utility. Net metering is 
a metering arrangement where any excess 
energy exported to the utility is subtracted 
from the amount of energy imported from it. 
See Figure 4-20. Using this system, energy 
supplied to the utility from a PV system is 
effectively credited to the customer at full 
retail value. 

Customers are usually not paid for net ex- 
cess generation, but credit may be carried over 
from month to month. This works out very well 
for systems that produce excess power during 
the high-insolation summer months but require 
supplemental power from the utility during 
the low-insolation winter months. If the PV 
system and loads are perfectly balanced for 
annual energy production and demand, the 
result is a net energy bill of zero. However, 
some net metering energy credits expire after 
a certain period, typically one year. Net me- 
tering arrangements are not available for all 
PV systems or with all utilities, but they are 
becoming increasingly common. 
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Figure 4-19. A utility-interactive system is controlled by the inverter, which adds AC power converted from DC power to the 
utility grid power at the main AC power distribution panel. 
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Figure 4-20. Utility-interactive systems have either net-metering or dual-metering arrangements for exporting electricity 
to the utility grid. 


Dual Metering. Some large interactive distrib- — Islanding. If the utility experiences an outage, 


uted generation systems are not net metered, 
but dual metered. Dual metering is the ar- 
rangement that measures energy exported to 
and imported from the utility grid separately. 
This arrangement allows energy delivered to 
the consumer to be billed at full retail value, 
while power delivered to the utility is credited 
at a lower wholesale value, the cost the utility 
pays to generate or purchase energy. 


utility-interactive inverters must stop supplying 
power to the grid. This is because an inverter 
exporting power to the utility lines is a serious 
electrocution hazard to any line workers that 
may be working to restore power. Interactive 
inverters monitor utility grid conditions and 
suspend power exporting when the utility 
power falls out of the normal range in volt- 
age or frequency. Islanding is the undesirable 


condition where a distributed-generation 
power source, such as a PV system, continues 
to transfer power to the utility grid during a 
utility outage. Anti-islanding provisions are 
required for all listed interactive inverters. 


Interconnection Agreements. Permission is 
required to interconnect PV systems with the 
utility grid, since the power affects the utility's 
distribution system. Risks to the utility include 
poor power quality from the inverter affecting 
other consumers on the grid and safety concerns 
for their electricians about islanding. It is the 
jurisdiction of the local utility to determine 
specific interconnection requirements, though 
general provisions are often established by the 
state. Most utilities have simple interconnection 
agreements for PV systems up to a certain size, 
which require little more than that the system be 
inspected by local officials for code compliance. 
Other possible provisions include special label- 
ing, external disconnects, insurance, metering, 
and billing arrangements. 


Bimodal Systems 


A bimodal system is a PV system that can operate 
in either utility-interactive or stand-alone mode, 
and uses battery storage. Bimodal systems are 
sometimes referred to as battery-based interactive 
systems. The key component in a bimodal system 
is the inverter, which draws DC power from the 
battery system instead of the array. In this case, 
the array simply acts as a charging source for the 
battery system. 

Bimodal systems operate in a manner similar 
to UPSs and have many similar components. 
Under normal circumstances, bimodal systems 
operate in interactive mode, serving the on-site 
loads or sending excess power to the utility 
grid while keeping the battery fully charged. 
However, if the grid becomes de-energized, a 
transfer switch automatically disconnects from 
the utility and operates the inverter to supply 
AC power sourced from the battery bank. See 
Figure 4-21. 

If the system must be taken off-line for ser- 
vice or maintenance, a manual transfer switch or 
bypass circuit can isolate the array, battery, and 
inverter from the remainder of the system and 
directly connect the loads to the utility supply. 
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Bimodal systems are typically used to back 
up critical loads, but can also be used to man- 
age the energy supply for different times of the 
day in order to reduce electricity bills. 


Critical Load Backup. Bimodal systems are 
extremely popular for homeowners and small 
businesses where a back-up power supply is 
required for critical loads such as computers, 
refrigerators, water pumps, or lighting when a 
utility power outage occurs. In this configura- 
tion, the AC power from the inverter is routed 
to an isolated subpanel that serves only the 
critical loads. 

The ability of these systems to provide 
back-up power is a significant advantage over 
interactive-only systems, despite the extra costs 
(primarily for the battery bank). However, when 
in back-up mode, the array output and battery 
system capacity are still limiting factors. As 
with stand-alone systems, careful sizing and 
load management are essential for the bimodal 
system to adequately supply the critical loads 
for the required amount of time. 


Utility Rate Management. Some utilities use 
time-of-use rates to charge more for electric- 
ity during peak demand times of the day than 
during off-peak times. Peak hours are typi- 
cally during the day when people are using 
household appliances and businesses are open. 
Electricity demand is relatively low during the 
night. If the rates are significantly different, a 
bimodal system can be used to manage utility 
energy use for optimal electricity rates. 

A bimodal inverter can be programmed to 
supply the loads with energy from the array 
and battery bank during peak times, avoiding 
or minimizing the use of high-priced utility 
electricity. During off-peak times, the loads 
can be powered and the battery bank charged 
with less-expensive utility electricity. Since 
peak utility rates are typically charged during 
the middle of the day when insolation is at 
maximum, any excess PV energy can be sold 
back to the utility at higher peak retail rates 
(if the system uses net metering). This type 
of system can still function as a backup to the 
electric utility during an outage, though the use 
of the battery bank must be carefully controlled 
to leave capacity available for back-up use. 
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Figure 4-21. Bimodal systems can operate as either a utility-interactive or a stand-alone system. 


Combined Heat and Power Systems 
Most large-scale central power plants burn fuel to drive the generating process, but convert 
only about one-third of the energy content in the fuel to electrical energy. Most of the remain- 
der is wasted as heat and is dumped, unutilized, into the atmosphere or waterways. 

However, distributed generation applications can sometimes use combined heat and 
power (CHP) technology (also called cogeneration) because they are located near the 
electrical and thermal loads. Waste heat from power generation is recovered and used for 
water, space, and process heat applications. CHP systems save fuel that would otherwise 
be used to produce heat or steam in a separate unit, improving fuel utilization efficiencies 
to 70% to 90%. Although many types of distributed generators, such as internal combus- 
tion engines, rely on nonrenewable fossil fuels, utilizing the fuel more efficiently with CHP 
applications greatly improves their value. 

Small-scale, or micro-CHP, systems for residences and commercial buildings are available 
but still relatively rare. These systems primarily use internal combustion engines, though 
new systems based on microturbines or fuel cells are expected to increase the popularity 
of CHP technology. Solar energy can also be considered a CHP application by using solar 
thermal systems along with PV systems. 
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Case Stud ( 


IBEW Local 103 Training School and Union Hall 

Location: Dorchester, MA (42.3?N, 71.1?W) 

Type of System: Utility-interactive hybrid 

Peak Array Power: 5.3 kW DC 

Date of Installation: December 2002 

Installers: Apprentices and journeymen 

Purposes: Training, community awareness, supplemental electrical power 


As IBEW Local 103 in the Boston area has learned, PV and 
wind power complement each other quite well. Being located 
next to a busy expressway, the Local took the opportunity to 
showcase its members' technical expertise by installing first 
a PV system, and later a wind turbine, on its property. 
The PV array is mounted on the curtain wall surrounding 
the air conditioning equipment on the roof of the building. 
The vertical orientation is not optimal for electricity produc- 
tion, but offers other advantages. The wall is an established 
surface (requiring little additional mounting structure) that 
is readily accessible and is easily visible from the ground 
and the nearby expressway. Since a primary reason for 
installing the system was to increase public awareness of s 
renewable energy technologies, the array location is ideal. s EH osi UR 
The air conditioning enclosure also protects the junction ^ representative from Local 103 "explain icat 
boxes, disconnects, and inverters. The resulting AC power Spero a 5 6 pees genesis Seay and 
is routed into the main service panel inside the building. a o 


In May 2005, Local 103 completed installation of the first wind turbine in the city of Boston. The wind turbine 
stands over 114’ tall, with three 34’-long blades, and has a rated power output of 100 kW. The generator wind- 
ings are excited by utility voltage, so the three-phase AC power output is automatically synchronized to utility 
power. The AC power is then routed to the main electrical service of the building. Since the output from the PV 
system and the wind turbine combine only at the AC power side at the building's main electrical service, this is 
an AC bus system. 

Data from the main controller of the wind turbine is also routed into the building, where it is monitored and 
displayed. Statistics from the turbine are available on Local 103’s web site. 


IBEW Local 103 IBEW Local 103 


A Local 103 member assists in aligning the three 34 -long turbine In addition to meeting a portion of the electrical demand of the 
blades on the generator section of the wind turbine. building, the PV system and wind turbine showcase the Local's 


progressive outlook on alternative energy to the community. 
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Hybrid Systems 

A hybrid system is a stand-alone system 
that includes two or more distributed energy 
sources. (Utility-interactive systems may also 
use multiple distributed energy sources, al- 
though these are not strictly defined as hybrid 
systems.) Common energy sources used in 
hybrid systems include PV arrays, engine 
generators, wind turbines, and microhydro- 
electric turbines. See Figure 4-22. Hybrid 
systems offer several advantages over PV-only 
or generator-only systems, including greater 
system reliability and flexibility in meeting 
variable loads. 
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Figure 4-22. Hybrid systems include power sources other than the PV 
array and do not interact with the utility grid. 
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Using a variety of energy sources may also 
reduce the total system costs. For example, 
PV-only stand-alone systems are generally 
cost effective for smaller loads, while engine 
generator-only systems are usually cost ef- 
fective for larger loads. In between, at about 
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20 kWh/day to 100 kWh/day, a hybrid PV 
system can have a lower initial cost than a PV- 
only system and a lower life cycle cost than a 
generator-only system. 

Hybrid systems are perhaps the most com- 
plex of all PV systems in terms of equipment, 
system design, and installation. However, they 
offer the greatest flexibility with regard to 
configurations and control strategies. The con- 
tribution from each source can be optimized 
for the application while minimizing the initial 
and operating cost. For example, an array may 
be designed to power the loads only during the 
months with the highest insolation, with an en- 
gine generator supplying the balance of energy 
required at other times. The engine generator 
can be loaded to its maximum output for meet- 
ing system loads and charging a battery bank, 
thereby increasing its fuel efficiency. Also, PV 
arrays and battery banks can be down-sized 
in hybrid systems because auxiliary energy 
sources provide additional power. 

Hybrid systems are classified by the way 
in which the power outputs from the various 
sources are integrated. A DC bus hybrid system 
is a hybrid system that combines DC power 
output from all energy sources, including the 
PV array, for charging the battery bank. The 
sources are either all DC or rectified to DC 
before integration. For example, a common 
DC bus hybrid system integrates a PV array 
with a small wind turbine. 

In some circumstances, AC power sources 
can instead be integrated on the AC side if they 
can be configured for synchronized output. An 
AC bus hybrid system is a hybrid system that 
supplies loads with AC power from multiple 
energy sources. For example, some inverters 
can match the frequency of the output from an 
engine generator so that the two power sources 
will be compatible. 

Many modern inverters are specifically de- 
signed to integrate and control multiple energy 
sources by including built-in battery chargers 
and automatic transfer switches. For example, 
when a battery bank is discharged, the inverter 
control relays may start an engine generator 
and automatically transfer the loads to the 
output from the generator. The array power is 
then used to charge the battery bank. 
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* The primary component common to all PV systems is the PV array. 

* PV systems usually require means to store or condition PV power so that it can be used efficiently by loads. 
* Energy storage systems balance energy production and demand. 

e Batteries, particularly lead-acid types, are by far the most common means of energy storage in PV systems. 


e Most PV systems require more battery capacity than can be supplied by a single battery, so batteries in PV 
systems are often connected together to form battery banks. 


* Power conditioning components may be individual devices or may be combined into a single power condi- 
tioning unit. 

* Inverters convert DC power from battery systems or arrays to AC power for AC loads or export to the utility 
grid. 

* Charge controllers manage the charging of batteries from a DC power source, typically a PV array. 


e Battery chargers are used when an AC power source, such as the utility grid or an engine generator, is avail- 
able to provide supplemental battery charging. 


e Since a PV array produces DC power, DC loads are used in many PV applications to avoid having to change 
the power to AC, simplifying the system. 


¢ Balance-of-system (BOS) components are all of the remaining electrical and mechanical components needed 
to integrate and assemble the major components in a PV system. 


e Besides the PV array, the electric utility grid is the most common source of electricity connected to PV systems. 


* Other electrical systems may be interfaced with PV systems as additional sources of electricity, depending 
on the type of system and application requirements. 


e Stand-alone PV systems are most popular for meeting small- to medium-sized electrical loads and are exten- 
sively used in remote off-grid areas or where extending the utility service is cost-prohibitive or impossible. 


* In direct-coupled PV systems, the output of a PV module or array is directly connected to a DC load. 
e A self-regulated PV system consists of only an array, battery, and load. 


e Whenever loads are variable or uncontrolled, charge control is required to prevent damage to the battery 
from overcharge or overdischarge. 


e Utility-interactive systems operate in parallel with and are connected to the electric utility grid. 
e Bimodal systems can operate in either utility-interactive or stand-alone mode and use battery storage. 
* Hybrid systems include an energy source other than an array and do not interact with the utility. 


e Common energy sources used in hybrid systems include engine generators, wind turbines, and micro- 
hydroelectric generators. 


Definitions 


e <A battery bank is a group of batteries connected together with series and parallel connections to provide a 
specific voltage and capacity. 


+ A power conditioning unit (PCU) is a device that includes more than one power conditioning function. 


e An inverter is a device that converts DC power to AC power. 
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* Acharge controller is a device that regulates battery charge by controlling the charging voltage and/or cur- 
rent from a DC power source, such as a PV array. 


* Arectifier is a device that converts AC power to DC power. 


* Acharger is a device that combines a rectifier with filters, transformers, and other components to condition 
DC power for the purpose of battery charging. 


* A DC-DC converter is a device that converts DC power from one voltage to another. 


* Amaximum power point tracker (MPPT) is a device or circuit that uses electronics to continually adjust 
the load on a PV device under changing temperature and irradiance conditions to keep it operating at its 
maximum power point. 


* Anengine generator is a combination of an internal combustion engine and a generator mounted together 
to produce electricity. 


* A generator is a device that converts mechanical energy into electricity by means of electromagnetic 
induction. 


* A gas turbine is a device that compresses and burns a fuel-air mixture, which expands and spins a turbine. 
* Aturbine is a bladed shaft that converts fluid flow into rotating mechanical energy. 


* An uninterruptible power supply (UPS) is a battery-based system that includes all the additional power 
conditioning equipment, such as inverters and chargers, to make a complete, self-contained power source. 


* Awind turbine is a device that harnesses wind power to produce electricity. 
* Amicro-hydroelectric turbine is a device that produces electricity from the flow and pressure of water. 


* A fuel cell is an electrochemical device that uses hydrogen and oxygen to produce DC electricity, with water 
and heat as byproducts. 


* An electrolyzer is an electrochemical device that uses electricity to split water into hydrogen and oxygen. 


* Astand-alone PV system is atype of PV system that operates autonomously and supplies power to electrical 
| loads independently of the electric utility. 


* A direct-coupled PV system is a type of stand-alone system where the output of a PV module or array is 
directly connected to a DC load. 


* A self-regulating PV system is a type of stand-alone system that uses no active control systems to protect 
the battery, except through careful design and component sizing. 


* A utility-interactive system is a PV system that operates in parallel with and is connected to the electric 
utility grid. 


* Netmetering is a metering arrangement where any excess energy exported to the utility is subtracted from 
the amount of energy imported from it. 


* Dual metering is the arrangement that measures energy exported to and imported from the utility grid 
separately. 


* Islanding is the undesirable condition where a distributed-generation power source, such as a PV system, 
continues to transfer power to the utility grid during a utility outage. 


* A bimodal system is a PV system that can operate in either utility-interactive or stand-alone mode and uses 
battery storage. 


* A hybrid system is a stand-alone system that includes two or more distributed energy sources. 
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A DC bus hybrid system is a hybrid system that combines DC power output from all energy sources, includ- 
ing the PV array, for charging the battery bank. 


* An AC bus hybrid system is a hybrid system that supplies the loads with AC power from multiple energy 
Sources. 


Review Questions 


— 


. Why is energy storage needed in most PV systems? 

. Besides energy storage, what advantages do battery systems provide? 

. What is the difference between an inverter and a power conditioning unit? 
Explain the difference between a charge controller and a charger. 

How does a maximum power point tracker maximize array output? 

. Which types of electrical energy sources are typically integrated with PV systems? 
. Why is system sizing critically important for stand-alone PV systems? 


. Compare the different types of stand-alone PV systems. 
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Explain the ways in which interactive inverters interface with the utility grid. 


— 
e 


How can bimodal systems be used to lower electricity costs when utility rates vary by time of day? 


— 
= 


. Compare the advantages and disadvantages of hybrid systems. 
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Chapter Objectives 


e Identify the relationships between PV cells, modules, and arrays. 

* Describe the photovoltaic effect and the fundamental operation of PV devices. 

ə» Understand the current-voltage (l-V) characteristics for PV devices and define the key l-V parameters. 

e Understand how the electrical load, solar radiation, and operating temperatures affect the electrical 


output of a PV device. 
e Translate the voltage, current, and power output of a PV device from a reference condition to another 


operating condition. 
e Determine the electrical output of similar and dissimilar PV devices connected in series and in parallel. 
¢ Understand the construction and features of PV modules. 
e Describe the various performance rating conditions for PV modules. 
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PHOTOVOLTAIC CELLS 


A photovoltaic cell is a semiconductor device 
that converts solar radiation into direct current 
electricity. Because the source of radiation is 
usually the sun, they are often referred to as 
solar cells. Individual PV cells are the basic 
building blocks for modules, which are in turn 
the building blocks for arrays and complete PV 
systems. See Figure 5-1. 
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Figure 5-1. The basic building blocks for PV systems include cells, 
modules, and arrays. 


The term "photovoltaic" is a combination of the Greek word 


“phos,” meaning “light,” and “voltage,” which is named after 
the Italian physicist Alessandro Volta. 


Semiconductors 


PV cells are made from semiconductor ma- 
terials. A semiconductor is a material that 
can exhibit properties of both an insulator 
and a conductor. Semiconductors behave like 
insulators at very low temperature and their 
conductivity increases with temperature. 
At normal temperatures, a semiconductor's 
electrical conductivity is between that of an 
insulator and a conductor. Some semicon- 
ductors also produce a voltage or exhibit 
a change in electrical conductivity when 
exposed to light. 


Most PV cells use variations of silicon 
altered by doping to make them suitable 
semiconductors. Doping is the process of 
adding small amounts of impurity elements to 
semiconductors to alter their electrical proper- 
ties. Pure crystalline silicon has four valence 
(outer) electrons that each bond with the 
outer electrons of other silicon atoms to form 
a crystalline structure. When a small amount 
of boron, which has three valence electrons, 
is added to silicon crystals, the boron atoms 
take the places of a few silicon atoms. The 
crystalline structure where boron bonds to 
silicon then has an electron void at the location 
where a fourth electron is absent. This void is 
also called a hole, since it can be filled by other 
electrons. This absence of a negative charge is 
considered a positive charge carrier. A p-type 
semiconductor is a semiconductor that has 
electron voids. See Figure 5-2. 
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Figure 5-2. Semiconductor materials with special 
electrical properties can be made by adding small 
amounts of other elements to silicon crystals. 
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The addition of phosphorous, which has 
five valence electrons, to silicon results in an 
electron at the location where the phosphorous 
bonds to the silicon. This electron is only 
weakly bound to the phosphorous atom and 
can be easily induced to move through the ma- 
terial. It is considered a negative charge carrier. 
An n-type semiconductor is a semiconductor 
that has free electrons. 


Photovoltaic Effect 


The basic physical process by which a PV cell 
converts light into electricity is known as the 
photovoltaic effect. The photovoltaic effect is 
the movement of electrons within a material 
when it absorbs photons with energy above 
a certain level. A photon is a unit of electro- 


PV cells are wafers made of crystalline semiconductors covered with a grid of 
electrically-conductive metal traces. 


magnetic radiation. Photons contain various 
amounts of energy depending on their wave- 
length, with higher energies associated with 
shorter wavelengths (higher frequency). Pho- 
tons of light transfer their energy to electrons 
in the material surface. The extra electrons 
with enough energy to escape from their atoms 
are conducted as an electric current. Because 
of the electric result, the photovoltaic effect is 
also sometimes called the photoelectric effect. 
See Figure 5-3. 


&- Photovoltaic Effect 


A PV cellis a thin, flat wafer consisting of a 
p-n junction. A p-n junction is the boundary of 
adjacent layers of p-type and n-type semicon- 
ductor materials in contact with one another. 
When the p-n junction is illuminated, high- 
energy photons absorbed at the junction impart 
their energy to extra electrons in the material, 
moving the electrons to a higher energy state. 
The electrons gain potential energy and are in 
a position to do useful work before returning to 
a lower energy state. 
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Figure 5-3. The photovoltaic effect produces free electrons that must travel through conductors in order to recombine with 
electron voids, or "holes." 
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Many of the photons reaching a PV cell have energies greater 
than the amount needed to excite the electrons into a conduc- 


tive state. The extra energy imparts heat into the crystalline 
structure of the cell. 


When these electrons are excited, they 
can move around to other atoms, leaving 
behind voids, or holes. The holes can act in 
a similar manner to the electrons, appearing 
to move when a neighboring electron moves 
to fill a hole, but they are associated with a 
positive charge. An electrical field produced 
by the p-n junction prevents the electrons and 
holes from immediately recombining, which 
would accomplish no work. The electrons are 
repelled from the p-type layer toward the top 
surface of the cell, and the holes are repelled 
away from the n-type layer toward the bottom 
surface. This creates a difference in electrical 
potential (voltage) between the top and bot- 
tom surfaces. 

The free electrons are collected by metal 
contacts on the top surface of the cell and the 
holes migrate toward the bottom surface. For the 
electrons and holes to recombine, the electrons 
must travel from the top surface to the bottom 
surface. This is accomplished by connecting 
the surfaces with conductors and loads. The 
electrons flow through the loads, doing electri- 
cal work, then arrive at the back surface of the 
cell and recombine with the holes. 
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Like other semiconductor devices, PV cells must be manufactured in extremely 
clean environments. This means that workers must wear special clothing to keep 
from contaminating the cells or the machines with dust or hair. 


This process of electrons and holes being 
separated by photon energy, and doing work 
before recombining, occurs continuously while 
PV cells are exposed to light. There is no way 
to turn off a PV device, other than completely 
covering the top surface with an opaque mate- 
rial so that no light reaches the cells. 


Cell Materials 


PV cells can be produced from a variety of 
semiconductor materials, though crystalline 
silicon is by far the most common. The base 
raw material for silicon cell production is 
at least 99.99% pure polysilicon, a product 
refined from quartz and silica sands. Various 
grades of polysilicon, ranging from semicon- 
ductor to metallurgical grades, may be used in 
PV cell production and affect the quality and 
efficiency of cells produced. 

Crystalline silicon (c-Si) cells currently 
offer the best ratio of performance to cost com- 
pared to competing materials and utilize many 
of the same raw materials and processes as the 
semiconductor industry. However, significant 
research is directed toward developing new PV 
cell material technologies, as well as improv- 
ing efficiency and reducing costs of existing 
technologies. See Figure 5-4. 

Gallium arsenide (GaAs) cells are more 
efficient than c-Si cells, but the high cost and 
toxicity of the GaAs materials have limited 
their use to space applications. GaAs can be al- 
loyed with indium, phosphorus, and aluminum 
to create semiconductors that respond to differ- 
ent wavelengths of electromagnetic radiation. 
This property is utilized to make multijunc- 
tion cells, producing highly efficient cells 
attractive for concentrating PV applications. 
A multijunction cell is a cell that maximizes 
efficiency by using layers of individual cells 
that each respond to different wavelengths of 
solar energy. The top layer captures the short- 
est wavelength radiation, while the longer 
wavelength components pass through and are 
absorbed by the lower layers. 

Thin-film PV devices are module-based ap- 
proaches to cell design. A thin-film module is a 
module-like PV device with its entire substrate 
coated in thin layers of semiconductor material 
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using chemical vapor deposition techniques, 
and then laser-scribed to delineate individual 
cells and make electrical connections between 
cells. Amorphous silicon (a-S1), copper indium 
gallium selenide (CIGS), and cadmium tellu- 
ride (CdTe) are among the competing thin-film 
technologies today. Thin-film modules are less 
costly to produce and use considerably less raw 
material than crystalline silicon modules, but 
most are less efficient than crystalline silicon 
and may not be as durable in the field. 


A photoelectrochemical cell is a cell that 
relies on chemical processes to produce 
electricity from light, rather than using 
semiconductors. Photoelectrochemical cells 
include dye-sensitized cells (Gratzel cells) 
and polymer (plastic) cells, and are sometimes 
called organic cells. While the engineering 
challenges in developing these advanced cells 
are considerable, some are expected to impact 
commercial markets within the next decade. 


Wafer Manufacturing 


The manufacture of commercial silicon mod- 
ules involves fabricating silicon wafers, trans- 
forming the wafers into cells, and assembling 
cells into modules. A wafer is a thin, flat disk 
or rectangle of base semiconductor material. 
Wafers are 180 um to 350 um thick and are 
made from p-type silicon. Crystalline silicon 
cell wafers are produced in three basic types: 
monocrystalline, polycrystalline, and ribbon 
silicon. Each type has advantages and disad- 
vantages in terms of efficiency, manufacturing, 
and costs. 


& PV Material Efficiencies* 
MATERIAL 


Polymer (Organic) 


* in 26 
tin concentrating applications 


TYPICAL EFFICIENCIES 
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Monocrystalline Silicon. A monocrystalline 
wafer is a silicon wafer made from a single sili- 
con crystal grown in the form of a cylindrical 
ingot. See Figure 5-5. Chunks of highly pure 
polysilicon are melted in a crucible, along with 
boron. A small seed crystal is dipped into the 
molten bath and slowly rotated and withdrawn. 
Over a period of many hours, the seed crystal 
grows into a large cylindrical crystal up to 40” 
in length and 8” in diameter. Because the ingot 
is round, the edges are often cropped to a more 
rectangular or square shape, which allows 
cells to be packed more closely in a module. 
Individual wafers are then cut from the ingot 
using diamond wire saws. Commercial mono- 
crystalline cells have efficiencies on the order 
of 14% to 17%, with some laboratory samples 
having efficiencies as high as about 25%. 
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Robots are often used in the manufacture of PV cells because they perform 
repetitive tasks easily and do not pose a contamination risk. 
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Source: NREL 


Figure 5-4. Various PV materials and technologies produce different efficiencies. 
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Cleveland JATC 


Location: Valley View, OH (41.4°N, 81.6°W) 
Type of System: Stand-alone portable unit 
Peak Array Power: 63 W DC 

Date of Installation: April 2004 

Installers: Apprentices and journeymen 
Purposes: Training 


While the installation of large rooftop PV systems provides an excel- 
lent opportunity to teach apprentices and journeymen about nearly 
all aspects of a PV system, typically only a small group of electricians 
is able to be fully involved in this type of installation process. For 
subsequent groups, often only demonstrations and walkthroughs of 
the established and operating PV system are possible, limiting op- 
portunities for hands-on installation training. 

Several training centers are experimenting with ways to design 
and implement repeatable PV systems that can be used to provide 
PV system installation experience to many classes of students. One 
method of facilitating training and demonstrations is to scale a com- 
plete system down to a portable, self-contained unit, such as the 
System at the Cleveland JATC training center. This unit is configured 
as a stand-alone PV system and includes a small battery bank. 

There are several benefits to using small, portable PV systems for 
training. First, the system is self-contained, which allows it to be easily 
moved indoors or outdoors as needed. Also, with all the components 
mounted together and very short conductor runs, the system can be 
easily disassembled or modified for training purposes. Students can 
practice selecting appropriate conductors and overcurrent protection t i 
devices, making electrical connections, configuring electronic controls, Cleveland JATC 
and testing and troubleshooting the system. This type of system can The portable training unit includes all the 
also be augmented by the addition of a small wind turbine generator to COmPonents used in a typical stand-alone PV 
add DC power to the inverter input circuit and boost the AC output. System, but is morete 

The unit's wheels and array mounting allow students to 
experiment with array tilt and azimuth angles and module 
shading, observing first-hand how these variables affect 
power output. The system is configured to operate a variety 
of loads, such as a battery charge controller, lights, or power 
tools, or any other AC load connected to the receptacles. To 
demonstrate the operation of diversion loads, an attached 
water heater turns excess power into useful hot water. 

The only significant drawback to the system is that it 
cannot provide useful electrical power to the training facility 
because it is so small and because, in order to maintain its 
portability, the system is not connected to the on-site electrical 
system. However, the experience gained from the portable 
system has encouraged the training center to investigate a 
future installation of a 5 kW to 6 kW utility-interactive system 
for the building. In addition to providing an appreciable amount 
of power to the building, the installation of this system would 
complement the portable training unit. 


Cleveland JATC 
The component configuration allows for easy testing, 
troubleshooting, and connection of a variety of load types. 


Monocrystalline In 


ots 
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Figure 5-5. Monocrystalline silicon wafers are 
sawn from grown cylindrical ingots. 
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Polycrystalline Silicon. A polycrystalline wa- 
fer is a silicon wafer made from a cast silicon 
ingot that is composed of many silicon crystals. 
See Figure 5-6. Molten silicon is poured into 
a crucible to form an ingot, which is slowly 
and carefully cooled over several hours. Dur- 
ing cooling, many silicon crystals form and 
grow as the molten material solidifies. The 
cast ingot is then sectioned with wire saws to 
form square or rectangular wafers. Polycrys- 
talline wafers can sometimes be distinguished 
from monocrystalline wafers by their square 
corners and the grain boundaries appearing 
on the wafer surface. While polycrystalline 
cells have slightly lower efficiencies (11.5% 
to 14%) than monocrystalline cells, their 
lower manufacturing costs and denser pack- 
ing in modules makes them competitive with 
monocrystalline modules. 


Polycrystalline Ingot 


— — 
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Figure 5-6. Polycrystalline silicon wafers are 
sawn from cast rectangular ingots. 


Ribbon Silicon. A ribbon wafer is a silicon 
wafer made by drawing a thin strip from a 
molten silicon mixture. The melted material is 
pulled between parallel dies where it cools and 
solidifies to form a continuous multicrystalline 
ribbon. The ribbon is then cut at specific inter- 
vals to form rectangular-shaped wafers. While 
cells produced from ribbon silicon wafers have 
slightly lower efficiencies (11% to 13%) than 
other silicon cells, this process is less expensive 
because there is less material waste and it does 
not require ingot sawing. 


121 


122 Photovoltaic Systems 


Cell Fabrication 

Once a crystalline silicon wafer is produced, 
it must go through additional processing to 
become a functional PV cell. See Figure 5-7. 
First, the wafers are dipped in a sodium hy- 
droxide solution to etch the surface and remove 
imperfections introduced during the sawing 
process. The textured surface increases surface 
area, allows subsequent coatings to adhere 
better, and minimizes reflected sunlight. 


t Cell Fabrication —.— 
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Figure 5-7. Several steps are involved in turning 
silicon wafers into PV cells. 


After the wafers are cleaned they are placed 
on racks and into a diffusion furnace, where 
phosphorous gas penetrates the outer surfaces 
of the cell, creating a thin n-type semicon- 
ductor layer surrounding the original p-type 
semiconductor material. See Figure 5-8. The 
edge of the wafer is then abraded to remove 
the n-type material. 


Solar World Industries America 
Figure 5-8. Diffusion of phosphorous gas creates 
a thin n-type semiconductor layer over the entire 
surface of a p-type wafer. 


Antireflective coatings are then applied to 
the top surface of the cell to further reduce 
reflected sunlight and improve cell efficiency. 
After the coatings dry, grid patterns are screen 
printed on the top surface of the cell with 
silver paste to provide a point for electron col- 
lection and the electrical connection to other 
cells. These grid lines generally include two 
or more main Strips across the cell, with finer 
lines emanating from the main strips across 
the cell surface. The configuration of these 
grid patterns is a critical part of cell design, 
because they must be of sufficient size and 
distribution to be able to efficiently collect and 
conduct current away from the cell, but must 
be minimized to avoid covering much of the 
cell surface, which lowers the effective cell 
surface area exposed to sunlight. Finally, the 
entire back surface of the cell is coated with a 
thin layer of metal, typically aluminum, which 
alloys with the silicon and neutralizes the n- 
type semiconductor layer on the back surface. 
This results in the bottom surface of the cell 
being the positive connection, while the top 
surface is negative. See Figure 5-9. 

After cells are produced, each is electrically 
tested under simulated sunlight and sorted 
according to its current output. This sorting 
process largely eliminates problems with cur- 
rent mismatch among series-connected cells 
and allows manufacturers to produce modules 
that are of the same physical size but have dif- 
ferent power ratings. 
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CURRENT-VOLTAGE (l-V) CURVES  & pv Cells 


The current-voltage (1-V) characteristic is the 
basic electrical output profile of a PV device. 
The I-V characteristic represents all possible 
current-voltage operating points (and power 
output) for a given PV device (cell, module, 
or array) at a specified condition of incident 
solar radiation and cell temperature. 


When voltage is plotted against current 
for all the operating points, it forms a curve. 
An I-V curve is the graphic representation 
of all possible voltage and current operating 
points for a PV device at a specific operating 
condition. As voltage increases from zero, the 
current begins at its maximum and decreases 
gradually until the knee of the curve is reached. 
After the knee, small increases in voltage are 


associated with larger reductions in current, 
until the current reaches zero and the deviceis X Figure 5-9. The different materials, processes, and manufacturing 
steps produce a range of PV cell types. 


DOE/NREL, Susannah Pedigo 


at maximum voltage. See Figure 5-10. 

A PV device can operate anywhere along its 
I-V curve, depending on the electrical load. At — J-V Curve 
any specific voltage on an I-V curve thereisan O  —<CSss—sS 
associated current, and this operating point is MAXIMUM POWER 
known as an I-V pair. Since the product of cur- POINT 
rent and voltage is power, each I-V pair also rep- 
resents a specific power output, which changes 
from point to point along the I-V curve. 


SHORT-CIRCUIT 
CURRENT 


MAXIMUM POWER 
CURRENT 


f 
E 
i 
H 
f 


OPEN-CIRCUIT : 
VOLTAGE; 


T 


CURRENT (A) 


MAXIMUM POWER , 
VOLTAGE^N | 


V mp E oc 
VOLTAGE (V) 


Figure 5-10. An /-V curve illustrates the electrical 
output profile of a PV cell, module, or array at a 
specific operating condition. 


Certain points on an I-V curve are used 
to rate module performance and are the ba- 
sis for the electrical design of arrays. The 
basic I-V curve parameters include the open- 
circuit voltage (V, ), short-circuit current (/. ), 
maximum power voltage (Qu. maximum 
power current (/,,), and maximum power 
2 (P. ).Itis important to note that the I- V curve 

United Solar Ovonic LLC changes with cell temperature and irradiance, 
Some thin-film modules are flexible and portable and and that I-V parameters have meaning only 


are often used to charge batteries in small handheld A : 
devices such as cell phones. when these conditions are specified. 
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Open-Circuit Voltage 

The open-circuit voltage (V. ) is the maximum 
voltage on an I-V curve and is the operating 
point for a PV device under infinite load or 
open-circuit condition, and no current output. 
Since there is no current at the open-circuit 
voltage, the power output is also zero. The 
open-circuit voltage is used to determine maxi- 
mum circuit voltages for modules and arrays. 
The open-circuit voltage of a PV device can be 
measured by exposing the device to sunlight 
and measuring across the output terminals with 
a voltmeter or a multimeter set to measure DC 
voltage. See Figure 5-11. 


i Open-Circuit Voltage Measurement 
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Figure 5-11. Open-circuit voltage is easily mea- 
sured with test instruments. 


PV Measurements, Inc. 
Special equipment can be used to electronically load PV devices while measuring 
voltage and current in order to automatically generate l-V curves. 


The open-circuit voltage of a PV device 
is determined by the semiconductor material 
properties and temperature. Increasing tem- 
perature reduces the open-circuit voltage for 
crystalline silicon. However, the open-circuit 
voltage is independent of cell area. A large 
cell can be sectioned into a number of smaller 
cells, and each will have the same open-circuit 
voltage. For individual crystalline silicon cells, 
the open-circuit voltage is typically 0.5 V to 
0.6 V at 25°C (77°F). Some thin-film cells 
have an open-circuit voltage of 1.0 V or higher. 
Consequently, individual cells are connected 
in series to build higher, usable voltage levels 
in modules. 


Short-Circuit Current 


The short-circuit current (I. ) is the maximum 
current on an I-V curve and is the operating 
point for a PV device under no load or short- 
circuit condition, and no voltage output. Since 
voltage is zero at the short-circuit current, the 
power output is also zero. The short-circuit 
current of a PV device is used to determine 
maximum circuit design currents for modules 
and arrays, and is significantly affected by 
varying solar irradiance. 


h Temperature Conversion 


As products that are manufactured and 
traded internationally, specifications for PV 
modules are often given in metric units, 
such as degrees Celsius for tempera- 
ture. Many formulas involving l-V curve 
parameters also must be calculated with 
temperature in units of degrees Celsius. 
Temperature values are easily converted 
between Celsius and Fahrenheit degrees 
with the following formulas: 


F-($«c)ese 
$ 
C-Sx(F-32) 


where 
F = temperature (in °F) 
C = temperature (in °C) 


nuc -——— ———— — 


The short-circuit current can be measured 
by exposing the device to sunlight and measur- 
ing current with an ammeter or multimeter. The 
measuring procedure depends on the actual 
current and the type of meter. If the short- 
circuit current is less than the fused current 
rating of the meter (typically 1 A or 10 A), the 
test leads can be connected to the output ter- 
minals. The meter short-circuits the PV device 
with a very small resistance and measures the 
resulting current. If the current is expected to 
be close to or higher than the meter rating, this 
in-line method should not be used. Instead, a 
conductor with a switch is used to short-circuit 
the output terminals and a clamp-on ammeter 
is put around the conductor to measure the 
resulting current. See Figure 5-12. 
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PV Measurements, Inc. 
Special test instruments and software can automatically 
generate l-V curves, calculate key parameters, and 
produce reports. 


k Short-Circuit Current Measurement — — 
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Figure 5-12. Using in-line and clamp-on ammeters are two methods of measuring short-circuit current. 
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hi A Short-Circuiting 


Short-circuiting most current sources, such as an AC wall outlet or a battery, is extremely 
dangerous and can cause immediate damage to components if there is no overcurrent pro- 
tection. Since there is essentially no resistance, the current flow is very high and can cause 
a potentially fatal electric shock and extremely high temperatures that may cause electrical 
burns or fire. Furthermore, short-circuiting a battery can cause it to explode, scattering acid 
and other toxic materials onto nearby people or components. 

PV devices, however, can be safely short-circuited because they are inherently current- 
limited. In fact, some types of battery charge controllers short-circuit PV arrays as a means 
of controlling the charging current into battery systems. 

A short-circuited PV device will flow current only up to certain point, because the elec- 
trons making up the current are not free to flow unless they are released by photons. The 
number of photons striking the PV device is finite, and only some of those photons transfer 
enough energy to free an electron. Therefore, the current flow cannot exceed the supply 
of free electrons. Only greater irradiance can increase the short-circuit current, and that is 
feasible only up to a point. 


immu CC CC COO a LLL A S D RR NR 


The current of a PV device is directly pro- 
portional to surface area and solar irradiance. 
In other words, for a given device, doubling . . 
the surface area exposed to solar radiation will 2 mp — Maximum power (in W) 
double the current output. Likewise, doubling V» = maximum power voltage (in V) 
solar irradiance on the device surface will 
double current. 


P xn 
mp mp mp 


where 


m = maximum power current (in A) 


For example, what is the maximum power 
of a PV module with a maximum power volt- 


Maximum Power Point age of 23.5 V and a maximum power current 


The operating point at which a PV device pro- — of 7.1 A? 
duces its maximum power output lies between 

COE ud oe P aV _ XI 
the open-circuit and short-circuit condition, Do mp 


DNO SOCTA 
P, =166.8 W 
mp 


when the device is electrically loaded at some 
finite resistance. The maximum power point 
(Pa) is the operating point on an I-V curve 
where the product of current and voltage is at 
maximum. A variation of the I-V curve plots 
power against voltage, which clearly shows 
the maximum power point. See Figure 5-13. 
Maximum power is often called peak power 
and the parameter may be designated by M. 
for “peak watts.” 
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The I-V pair atthe maximum power point is 
composed of the maximum power voltage and 
the maximum power current. The maximum 
power voltage ( V) is the operating voltage 
on an I-V curve where the power output is at 
maximum. The maximum power current (I ws 


POWER (W) 


CURRENT (A) _ 


POWER VERSUS 
VOLTAGE 


the operating current on an I-V curve where the 
power output is at maximum. Maximum power 
is calculated using the following formula: 


VOLTAGE (v)  "* se 


Figure 5-13. A power versus voltage curve clearly 
shows the maximum power point. 


The maximum power point is located on 
the knee of the I-V curve and is the highest 
efficiency operating point for a PV device for 
the given conditions of solar irradiance and 
cell temperature. Due to the shape of the curve, 
maximum power voltage is typically about 
70% to 80% of the value of the open-circuit 
voltage, while maximum power current is 
typically about 90% of the value of the short- 
circuit current. Maximum power voltage and 
current can be measured only while the PV 
device is connected to a load that operates the 
device at maximum power. Alternatively, the 
maximum power voltage and current can be 
determined from I-V curve data by multiply- 
ing each I-V pair and determining which pair 
results in the maximum power. 

Since horizontal and vertical lines drawn 
from any current and voltage point to its cor- 
responding axes form a rectangle, and the area 
of the rectangle equals power, the rectangle 
with the largest area graphically represents 
the maximum power point. 

The maximum power point is also used 
to rate the performance of PV devices under 
specific conditions of solar irradiance and 
cell temperature. 


Fill Factor. Fill factor (FF) is the ratio of 
maximum power to the product of the open- 
circuit voltage and short-circuit current. Fill 
factor represents the performance quality of 
a PV device and the shape of the I-V curve. 
A higher fill factor indicates that the voltage 
and current at the maximum power point are 
closer to the open-circuit voltage and short- 
circuit current, respectively, producing a more 
rectangular-shaped I-V curve. See Figure 5- 
14. Fill factor is expressed as a percentage and 
is calculated with the following formula: 
ie 


FF =—*— 
Ve x ie 


where 

FF = fill factor 

(ie. = maximum power (in W) 
V = open-circuit voltage (in V) 


l= short-circuit current (in A) 
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Figure 5-14. Fill factor represents the shape of 
an l-V curve. 


For example, what is the fill factor of a PV 
cell with a maximum power of 3.0 W, an open- 
circuit voltage of 0.6 V and a short-circuit 
current of 7.0 A? 


FF=—™ 
Vi x les 
| .30 
0.6x 7.0 
gc 
42 


FF = 0.714 or 71.4% 


Most commercial crystalline silicon PV 
cells have fill factors exceeding 7045, while 
the fill factor for many thin-film materials is 
somewhat less. For a higher fill factor cell, the 
current decreases much less with increasing 
voltage up to the maximum power point, and 
decreases much more with increasing voltage 
beyond maximum power. A decrease in fill 
factor over time indicates problems with PV 
devices, including degradation of the cells or, 
more commonly, increased resistance of the 
wiring or connections in the system. 


Efficiency. Efficiency is the ratio of power 
output to power input. See Figure 5-15. The 
efficiency of PV devices compares the solar 
power input to the electrical power output. 
Solar irradiance is multiplied by the area of the 
PV device to determine watts of solar power, 
which can then be directly compared to watts 
of electrical power. PV cell efficiencies vary 
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considerably among different PV technologies, 
and for the same material and technology, 
efficiencies vary widely between laboratory 
samples and commercial devices. Efficiency 
is expressed as a percentage and is calculated 
with the following formula: 


n= 
EXA 
where 


n = efficiency 
By = maximum power (in W) 
E = solar irradiance (in W/m?) 


A = area (in m?) 
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Figure 5-15. Efficiency is a measure of how 
effectively a PV device converts solar power to 
electrical power. 


For example, what is the efficiency of a 
PV module with a surface area of 1.2 m? and 
a maximum power output of 160 W when ex- 
posed to 1000 W/m’ solar irradiance? 


P 
Ule 
EXA 
_ 160 
n= 1000x12 
_ 160 
n= 1200 


n = 0.133 or 13.3% 


Cells with higher efficiencies require less sur- 
face area to produce each watt of power, which 
saves some costs for raw materials, mounting 
structures, and other equipment. However, higher 
efficiency modules are generally no less expen- 
sive than less efficient ones, because the price 
for modules is generally based on the maximum 
power rating and not on the size. 

For modules, efficiencies are often based on 
the entire module laminate area including the 
frame, and spacing between individual cells in 
the module. For individual cells, there is none of 
this extra area to affect the efficiency. This is one 
reason why module efficiencies are lower than 
their associated best cell efficiencies. 


Operating Point 

The operating point on an I-V curve is deter- 
mined by the electrical load of the system. 
For example, if a battery is connected to a PV 
module, the battery voltage sets the operating 
voltage of the module. It also establishes the 
operating current that flows between the device 
and battery. If an incandescent lamp or DC 
motor is connected to a PV device, the effec- 
tive resistance of the lamp filament or motor 
determines the operating point. 

Short-circuit current is associated with zero 
load resistance and open-circuit voltage is as- 
sociated with infinite load resistance. Every 
point in between the two states has a specific 
load resistance that increases from left to right 
along the I-V curve. 

PV cells operate most efficiently at their 
maximum power points. However, the maxi- 
mum power point is constantly changing due to 


changes in solar irradiance and cell temperature. 
Consequently, some systems use maximum 
power point tracking (MPPT) to dynamically 
match the electrical loads to PV output in order 
to maximize the performance. This function is 
included in most interactive inverters and some 
battery charge controllers. 

The electrical load resistance required to 
operate a PV device at any point can be cal- 
culated using Ohm's law. For the maximum 
power point, the formula is: 


_ Vn 
mp jm 
where 
R „ = resistance at maximum power point 
(in Q) 


np = maximum power voltage (in V) 


= maximum power current (in A) 
mp 


For example, a module has maximum power 
voltage of 15 V and maximum power current 
of 3 A. What resistance is required to operate 
the module at the maximum power point, and 
what is its maximum power? 


V 
_ mp 
Ry = 7 
mp 
m 
mp a 
R,,75Q 
P =V xI 
mp mp mp 
oe DUNS 
EDn 


System Resistance. 


A PV device can be modeled by a current 
source in parallel with a diode, with resistance 
in series and shunt (parallel). See Figure 5-16. 
Both series and shunt resistances have a strong 
effect on the shape of the I-V curve. 

Series resistance in PV devices includes 
the resistance of a cell, its electrical contacts, 
module interconnections, and system wiring. 
These resistances are in addition to the resis- 
tance of the electrical load. Some amount of 
series resistance in a PV system is unavoidable 
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because all conductors and connectors have 
some resistance. However, increasing series 
resistance over time can indicate problems 
with electrical connections or cell degradation. 
Series resistance reduces the voltage over the 
entire I-V curve. See Figure 5-17. Increasing 
series resistance also decreases maximum 
power, fill factor, and efficiency. If a PV device 
is operated at constant voltage (such as for 
battery charging), increasing series resistance 
results in decreasing operating current. 


£ Schematic Symbols. 


CURRENT SOURCE 
DIODE 


SERIES 
RESISTANCE 


SHUNT (PARALLEL) 
RESISTANCE 


— 


EQUIVALENT CIRCUIT 


4 


PV CELL SYMBOL 


Figure 5-16. A PV device can be modeled by 
a current source in parallel with a diode, with 
resistance in series and parallel. 


i Series Resistance 
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Figure 5-17. Increasing series resistance in a PV 
system flattens the knee in the l-V curve, reducing 
maximum power, fill factor, and efficiency. 
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Shunt (parallel) resistance accounts for 
leakage currents within a cell, module, or ar- 
ray. Shunt resistance has an effect on an I-V 
curve opposite to the effect of series resistance. 
Decreasing shunt resistance reduces fill factor 
and efficiency, and lowers maximum voltage, 
current, and power, but does not affect short- 
circuit current. See Figure 5-18. Decreasing 
shunt resistance over time can indicate short- 
circuits between cell circuits and module 
frames, or ground faults within an array. 


£ Shunt (Parallel) Resistance 
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Figure 5-18. Decreasing shunt resistance reduc- 
es fill factor and efficiency and lowers maximum 
voltage, current, and power, but it does not affect 
short-circuit current. 


A variable resistive load, such as a rheostat or adjustable 
resistor, can be used to load a PV device over nearly its entire 
l-V curve. When combined with meters measuring voltage and 


current, this method can be used to generate the l-V curves 
of small PV devices or individual modules, which can then be 
used to identify the key I-V curve parameters. 


An ideal PV device would have no se- 
ries resistance and infinite shunt resistance, 
producing a rectangular I-V curve with a fill 
factor of 100%. In reality, however, both have 
a finite value and only series resistance can be 
practically managed. This is why it is impor- 
tant to minimize PV system series resistance 
as much as possible, especially where long 
wiring distances are involved. 


PV DEVICE RESPONSE 


The shape of an I-V curve is determined by the 
PV device and system properties. However, 
the magnitude and position of the curve are 
determined by solar irradiance and the tempera- 
ture of the PV device. Varying irradiance and 
temperature produces different voltage-current 
operating points, which generate different I-V 
curves for the same PV device. Therefore, a 
given I-V curve represents only one set of oper- 
ating conditions for a PV device, at a specified 
exposure to irradiance and temperature. 


Solar Irradiance Response 


Changes in solar irradiance have a small effect 
on voltage but a significant effect on the current 
output of PV devices. The current of a PV device 
increases proportionally with increasing solar 
irradiance. Consequently, since the voltage re- 
mains nearly the same, the power also increases 
proportionally. See Figure 5-19. The relation- 
ships between irradiance, current, and power 
can be expressed by the following ratios: 


E, = I, B; 
E, I, 1e 
where 


E, = solar irradiance 2 (in W/m?) 

E, = solar irradiance 1 (in W/m?) 

I, = current at irradiance 2 (in A) 

I, = current at irradiance 1 (in A) 

P, = power at irradiance 2 (in W) 

P, = power at irradiance | (in W) 

This relationship is used to estimate how 
short-circuit current, maximum power current, 


or maximum power changes with a change in 
irradiance: 


E 
= 2 
op — m A 
1 
E 
i T mpl x = 
1 
E 
= 2 
P e: PM x E 


* Solar Irradiance Response 
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Figure 5-19. Voltage increases rapidly up to 
about 200 W/m?, and then is almost constant. 
Current and maximum power increase propor- 
tionally with irradiance. 


For example, a PV module has a rated short- 
circuit current of 6 A and a maximum power of 
150 W at 1000 W/m? of solar irradiance. What 
is the short-circuit current and the maximum 
power at 600 W/m? of irradiance? 


lo s i x zt 
I 
15 = 6 x E 
1000 
I 7 6x0.6 
I. 73.6 A 
2 
mp2 ee x E, 
600 
P, 150x —— 
á 1000 
PB, GEO 
P =90 W 


mp2 
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A family of I-V curves is a group of I-V 
curves at various irradiance levels. A family of 
I-V curves represents the changing output of 
a PV device with a single changing variable, 
such as irradiance throughout the day, with 
others held constant. The family of I-V curves 
also shows that the maximum power points 
at various irradiance levels do not follow a 
line of constant load resistance, which would 
have to intersect with the origin. Therefore, a 
resistive load matched to the maximum power 
point at one irradiance level will not operate the 
device at maximum power at higher or lower 
irradiance. 


Temperature Response 


For most types of PV devices, high operat- 
ing temperatures significantly reduce voltage 
output. Current increases with temperature, 
but only slightly, so the net result is a decrease 
in power and efficiency. See Figure 5-20. 
Long-term high temperatures can also lead 
to premature degradation of cells and module 
encapsulation. For these reasons, it is desirable 
to install modules and arrays in a manner that 
allows them to operate as cool as possible. 


* Temperature Response 


CURRENT (A) 


VOLTAGE (V) 


Figure 5-20. /ncreasing cell temperature de- 
creases voltage, slightly increases current, and 
results in a net decrease in power. 


Cell Temperature. The cell temperature of a 
PV device refers to the internal temperature 
at the p-n junction. Cell temperature is in- 
fluenced by ambient temperature, wind speed, 
solar irradiance, thermal characteristics of the 


media clip 
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device's packaging, and the way the cell or 
module is installed or mounted. A cell tem- 
perature value is used when calculating how 
voltage or power are affected by temperature. 
Cell temperature can be estimated by either 
directly measuring the cell or module surface 
temperature or applying the temperature-rise 
coefficient. 

The temperature-rise coefficient is a coef- 
ficient for estimating the rise in cell tempera- 
ture above ambient temperature due to solar 
irradiance. When the temperature-rise coef- 
ficient has been established for a particular 
installation, cell temperature under various 
conditions can be estimated with the follow- 
ing formula: 


T F Ii + [Co x E) 


cell 


where 


T „= cell temperature (in °C) 


cell 


T „„ = ambient temperature (in °C) 


C, ,,, = temperature-rise coefficient 
(in °C/k W/m?) 


E = solar irradiance (in kW/m?) 


The mounting configuration of arrays has a 
strong influence on the temperature-rise coef- 
ficient. For modules with the back surfaces 
exposed to wind, the temperature-rise coef- 
ficient may be about 15 to 20°C/k W/m? (27 to 
36°F/k W/m?). For modules mounted close to 
or directly on a surface, with the back surface 
not exposed to wind, the temperature-rise co- 
efficient may be as high as 25 to 30°C/kW/m2 
(45 to 54?F/KW/m?).A temperature rise of at 
20°C to 25°C (36°F to 45°F) over ambient 
temperature is typical for most array instal- 
lations at peak sun. 

For example, a rooftop-mounted array has 
a temperature-rise coefficient of 20°C/kW/m. 
If the ambient temperature is 30°C and the 
solar irradiance is 1100 W/m? (1.1 kW/m?), 
what is the cell temperature? 


T p D E Cre 2 E) 


cell 


T.,2 30 « (20 x 1.1) 


cell 


T= 30422 


ce 


ie sore 


cell 


b Temperature-Rise Coefficient 
jal 


With so many factors influencing the 
magnitude of the effect of irradiance on 
cell temperature, it is difficult to absolutely 
determine the temperature-rise coefficient. 
The coefficient is usually established 
through field measurements. Actual cell 
temperature, ambient temperature, and 
solar irradiance are measured for a par- 
ticular installation and these values are 
used in the following formula to calculate 
the temperature-rise coefficient: 


= 


Ce EM = amb 

The temperature-rise coefficient may 
be calculated many times under various 
conditions and averaged to determine an 
approximate value. This temperature-rise 
coefficient can then to be used to predict 
future cell temperature, though this value 
will be a good estimate only during typi- 
cal weather conditions. Unusual weather 
variations, such as high winds, reduce the 
accuracy of these calculations. 


Temperature Coefficients. A temperature 
coefficient is the rate of change in voltage, 
current, or power output from a PV device 
due to changing cell temperature. A negative 
coefficient means the parameter decreases with 
increasing cell temperature, while a positive 
coefficient means the parameter increases with 
increasing cell temperature. Temperature coef- 
ficients can be expressed as a unit (absolute) 
change per degree of temperature change or 
a percentage (relative) change per degree of 
temperature change. 

Unit change temperature coefficients are 
generally specific to a PV device manufac- 
turer, and may be based on an individual cell 
or an entire module. Typical temperature coef- 
ficient values for crystalline silicon cells are 
-2.25 mV/°C/cell (-0.00225 V/*C/cell) and 
3.70 LA/?C/cm? (0.0000037 A/*C/cm?). 

These temperature coefficients may 
be specified for certain I-V parameters. 
For example, a temperature coefficient for 


open-circuit voltage cannot accurately predict 
the effects of temperature at other voltages. 
Module or array coefficients are calculated 
from cell coefficients with the following 
formulas: 


C, = ON x n, 
C= Cen” n, x A 
where 


C, 7 module or array absolute temperature 
coefficient for voltage (in V/?C) 


Cy. coy = cell absolute temperature 
coefficient for voltage (in V/°C/cell) 


n= number of series-connected cells 


C,= module or array absolute temperature 
coefficient for current (in A/°C) 


C, cen = cell absolute temperature 
coefficient for current (in A/°C/cm’) 


n, = number of parallel-connected cell 
strings 


A = individual cell area (in cm?) 


For example, what are the module tempera- 
ture coefficients for a module with 36 cells 
(each 144 cm? in area) arranged in two parallel 
strings of 18 series-connected cells each? 


C, ux c x Wis 
C, = -0.00225 x 18 
C, = -0.0405 V/^C 


C =Q 


I I-cell 


C, = 0.0000037 x 2 x 144 
C, = 0.00011 A/°C 


Percentage change temperature coef- 
ficients for crystalline silicon cells are rela- 
tively constant among manufacturers or cell 
fabrication processes and are approximately 
equal to —0.4%/°C (—0.004/°C) for volt- 
age, 0.1%/°C (0.001/?C) for current, and 
—0.596/*C. (—0.005/?C) for power. Unlike 
most unit change coefficients, percentage 
change coefficients can be used with any point 
on the I-V curve. The percentages are applied 
to reference (or rated) values to determine the 
unit change temperature coefficients using the 
following formulas: 


xn XA 
p 
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Cy = V, X Cuy 
(Cpr wee 
Cp = P X Cap 
where 


C= absolute temperature coefficient for 
voltage (in V/°C) 


Ve E reference (or rated) voltage (in V) 


C, , = relative temperature coefficient for 
voltage (in /°C) 
C, = absolute temperature coefficient for 
current (in A/°C) 
D = reference (or rated) current (in A) 
C, = relative temperature coefficient for 
current (in /°C) 


C, = absolute temperature coefficient for 


power (in W/°C) 
ee = reference (or rated) power (in W) 
C,,, = relative temperature coefficient for 
power (in /°C) 


For example, if the open-circuit voltage for 
a PV module is 21.6 V at 25°C (77°F), what 
is the unit change temperature coefficient for 
voltage? 

Cy = Viet 
C, =21.6 x -0.004 


C, = -0.086 V/*C 


C 
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Arrays installed in hot climates, such as deserts, are likely to produce less power 


than their rating because of high cell temperatures. 
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Temperature Translations. Temperature 
translations use temperature coefficients to 
estimate the change in voltage, current, and 
power parameters due to cell temperature. 
Translations determine the potential range of 
operating voltages and power levels, which 
must be within certain limits for code compli- 
ance and connection to power processing equip- 
ment downstream, including batteries, charge 
controllers, and inverters. 


The small increases in voltage due to greater irradiance are 
often cancelled by small decreases in voltage due to the as- 
sociated higher cell temperatures. Therefore, voltage changes 


due to irradiance are not considered significant for most ap- 
plications. Changes in cell temperature that are associated 
with changes in ambient temperatures, however, can have 
significant effects on voltage. 


Temperature translations can be applied 
across the entire I-V curve, though they are 
usually applied to open-circuit voltage, maxi- 
mum power voltage, and maximum power, 
using reference values at 25°C (77°F). Because 
the cell temperature effect on current is very 
small, it is often ignored in field measurements. 
Voltage and power translations can be calcu- 
lated using the following formulas: 


= EIC) 


cell 


=P (ITA TT x6) 


cell 


trans 


trans 


where 


V, ,," translated voltage at cell 
temperature (in V) 


V, 7 reference (or rated) voltage 
corresponding to T Gn V) 


T „= cell temperature (in °C) 


cell 
ipe = reference (or rated) temperature 
(in °C) 
C, = absolute temperature coefficient of 
voltage (in V/°C) 
P ans = translated power at cell 
temperature (in W) 


P ,7 reference (or rated) power 
corresponding to T. , (in W) 


C, = absolute temperature coefficient of 
power (in W/?C) 


For example, a PV module with 36 series- 
connected cells has a rated open-circuit voltage 
of 21.7 V at 25°C. The manufacturer provides 
a temperature coefficient for open-circuit volt- 
age for individual cells of -2.1 mV/?C/cell 
(-0.0021 V/°C/cell). The ambient temperature 
is 30°C, the solar irradiance is 800 W/m? 
(0.8 kW/m7?), and temperature-rise coefficient 
is 25?C/kW/m?. What is the expected open- 
circuit voltage under these conditions? 

First, using ambient temperature and solar 
irradiance information, estimate the cell tem- 
perature using the temperature-rise coefficient 
formula: 


T = Ts + CH x E) 
T „= 30 + (25 x 0.8) 


cell 
T= 50°C 


Next, determine the temperature coefficient 
of open-circuit voltage for the entire module. 


C, z Crai x A 
C, = -0.0021 x 36 
C, = -0.076 V^C 


Finally, the voltage translation formula is 
used to determine the translated open-circuit 
voltage: 


E Vt (T. E 2 2s Cy) 
V ng = 21.7 + ([50 - 25] x -0.076) 


trans 


V... 2217 + (25 x —0.076) 


trans 


Vo =217+ L9) 


trans 


V ,,719.8 V 


trans 


trans 


Therefore, at operating temperatures 25°C 
(45°F) higher than the rated temperature, the 
voltage is reduced by about 10%. Power is 
similarly affected. Consequently, higher-than- 
rated temperatures are one of the primary fac- 
tors causing arrays to operate at less than their 
rated power in the field. 


MODULES AND ARRAYS 


Although a PV cell is the basic device that 
converts sunlight into electricity, it is not 
practically useful in this form. Individual 
cells produce very small amounts of power, 


so many must be connected together to create 
appreciable amounts of power. Also, PV cells 
are delicate and degrade rapidly if exposed 
to dirt or moisture. Individual cells must be 
protected from the environment, electrically 
insulated to protect installers and operators 
against electrical shock, and packaged in a 
manner that allows them to be mechanically 
installed to a support structure and connected 
to the rest of the electrical system. 

A module is a PV device consisting of a 
number of individual cells connected electri- 
cally, laminated, encapsulated, and packaged 
into a frame. See Figure 5-21. The PV cells 
are laminated within a polymer (plastic) 
substrate to hold them in place and to protect 
the electrical connections between cells. The 
cell laminates are then encapsulated (sealed) 
between a rigid backing material and a glass 
cover. Some thin-film laminates use flexible 
materials such as aluminum or stainless steel 
substrate and polymer encapsulation instead 
of a glass cover. 


t Module Construction. 
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Figure 5-21. Modules are constructed from PV 
cells that are encapsulated by several layers of 
protective materials. 


An array is a complete PV power- 
generating unit consisting of a number of indi- 
vidual electrically and mechanically integrated 
modules with structural supports, trackers, or 
other components. See Figure 5-22. The term 
“panel” is also used in relation to modules and 
arrays. Sometimes panel is used as an alternate 
term for a module. More commonly, the term 
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panel refers to an assembly of two or more 
modules that are mechanically and electrically 
integrated into a unit for ease of installation in 
the field. See Figure 5-23. 


& Arrays 
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Figure 5-22. An array is a group of PV modules 
integrated as a single power-generating unit. 
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Figure 5-23. Several modules may be connected 
together to form a panel, which is installed as a 
preassembled unit. 
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Module Assembly 


Once crystalline silicon cells are fabricated, 
tested, and sorted, they are ready for assembly 
into complete modules. First, the cells are laid 
out in the specified physical and electrical 
configuration and soldered together with tin- 
or silver-coated copper strips. The strips are 
flexible enough to allow slight movement due 
to thermal expansion and minor stresses. The 
conductors for circuit connections are routed to 
one area on the back of the cell circuit where 
connections can be made to other modules or 
system components with external conductors. 

Next, the completed cell circuit is placed 
between thin, clear polymer sheets, with a 
sheet of tempered glass on top and the back 
surface material beneath, and these layers are 
laminated in a press at high temperatures. 
The intermodule connectors are attached to 
the back of the module, and the entire lami- 
nate is framed with aluminum channel. The 
frame provides mechanical support, structural 
mounting features, and electrical grounding 
for the modules. A final visual inspection and 
electrical test are performed on all modules 
before packaging for shipment. 

All modules include some means for 
making intermodule electrical connections, 
through the use of either pre-wired connec- 
tors or a junction box. The junction box may 
also include bypass diodes and the ability to 
change the series or parallel configuration 
of the module cells with certain jumper ar- 
rangements. See Figure 5-24. For example, 
a module might be changed from 36 series- 
connected cells to two parallel strings of 
18 series-connected cells. This doubles the 
current and halves the voltage, but the power 
output remains the same. 


Electrical Connections 


PV devices are generally first connected in 
series to achieve a desired voltage, forming a 
string. These series strings are then connected 
in parallel to build current and power. Cells are 
connected to form modules and modules are 
connected to form arrays. The same principles 
are used to build successively larger systems. 


Series Connections. Individual cells are con- 
nected in series by soldering thin metal strips 
from the top surface (negative terminal) of one 
cell to the back surface (positive terminal) of the 
next. Modules are connected in series with other 
modules by connecting conductors between the 
negative terminal of one module to the positive 
terminal of another module. When individual 
devices are electrically connected in series, the 
positive connection of the whole circuit is made 
at the device on one end of the string and the 
negative connection 1s made at the device on 
the opposite end. See Figure 5-25. 


Figure 5-24. A junction box on the back of a 
module provides a protected location for electrical 
connections and bypass diodes. 


Only PV devices having the same current 
output should be connected in series. When 
similar devices are connected in series, the 
voltage output of the entire string is the sum of 
the voltages of the individual devices, while the 
current output for the entire string remains the 
same as for a single device. Correspondingly, 
the I-V curve for a string of similar PV devices 
is the sum of the I-V curves of the individual 
devices. See Figure 5-26. 


When PV devices with dissimilar current 
outputs are connected in series, the devices with 


lower current output absorb current from the 
devices with higher current output. This results 
in a loss of power, and potential overheating and 
damage to the lower-current output devices. The 
current output for a circuit of dissimilar devices 
in series is limited to the current of the lowest- 
current output device in the entire string. 


€ Series Connections 
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However, PV devices with different voltage 
outputs can be connected in series without 
loss of power as long as each device has the 
same current output. As with similar devices, 
the current output remains the same and the 
voltage output of the circuit equals the sum of 
the voltages of the individual devices. 
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Figure 5-25. PV cells or modules are connected in series strings to build voltage. 
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Figure 5-26. The overall I-V characteristics of a series string are dependent on the similarity of the 


current outputs of the individual PV devices. 
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Connecting devices with different voltages 
may be done when the load requires a nonstan- 
dard voltage. For example, a circuit with signal 
lamps designed to operate from a nominal 
30 V battery may include two standard 36-cell 
(12 V) modules connected in series with a third 
module having only 18 cells (6 V), as long as 
they have similar current outputs. 

The maximum number of modules that may 
be connected in a series string is limited by the 
maximum system voltage rating of the modules 
and other components. Most modules are rated 
for a maximum system voltage of 600 V. 


Parallel Connections. Parallel connections are 
not generally used for individual PV devices, 
especially cells, but for series strings of cells and 
modules. Parallel connections involve connect- 
ing the positive terminals of each string together 
and all the negative terminals together at com- 
mon terminals or busbars. See Figure 5-27. 

When similar devices are connected in 
parallel, the overall circuit current is the sum 
of the currents of individual devices or strings. 
The overall voltage is the same as the average 
voltage of all the devices connected in parallel. 
See Figure 5-28. 

As opposed to series connections, PV devices 
with dissimilar current output may be connected 
in parallel. This commonly occurs when an exist- 
ing array is expanded. New module strings are 
connected in parallel with existing strings having 
similar voltage but different current output. 
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Figure 5-28. The overall l-V curve of PV devices 
in parallel depends on the similarity of the current 
outputs of the individual devices. 
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Figure 5-27. Strings of PV cells or modules are connected in parallel to build current. 


Module Characteristics 


PV modules are available in a range of sizes 
and designed for a variety of applications. 
See Figure 5-29. Smaller modules of less 
than 50 W are typically used individually for 
low-power battery charging applications, such 
as navigational aids, accent lighting, motorist- 
aid call boxes, and small circulation pumps. 
Smaller modules are often more expensive 
per unit watt output than larger ones, and are 
not typically used to build large arrays due to 
the large number of intermodule connections 
and mechanical attachments that would be 
required. 

Larger modules with peak output of 
50 W and greater are often referred to as power 
modules, and are connected in groups to con- 
figure arrays with higher voltage and power 
output. A typical 120 W crystalline silicon 
module that is 12% efficient has a surface area 
of about 1 m? and weighs approximately 20 Ibs 
to 30 Ibs. Production costs and systems inte- 
gration time are significantly less with larger 
modules, so the typical power module size is 
steadily increasing. Modules of about 200 W 
peak power are now common, with some mod- 
ules at more than 300 W and 100 Ibs each. The 
factors currently limiting module size include 
the module's packaging and weight, structural 
integrity and resistance to high wind loads, 
and the ability to easily ship and handle the 
modules in the field. 


SolarWorld Industries America 
Robots arrange cells in various configurations and 
build complete modules with little or no intervention 
from human workers. 
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Figure 5-29. Modules are available in several sizes and shapes, includ- 
ing squares, rectangles, triangles, flexible units, and shingles. 


Flat-plate modules are used in the majority 
of residential and commercial applications. 
Flat-plate modules are generally rectangular 
in shape and about 1” to 2” thick (including 
the frame and laminate). Some manufacturers 
offer other shapes, such as triangles, to better 
utilize space on hipped or angled roof surfaces 
and for aesthetic appeal. 


Bypass Diodes 

Reverse bias is the condition of a PV device op- 
erating at negative (reverse) voltage. À reverse- 
biased device will continue to pass current, but 
since the voltage is negative, the device will 
consume power instead of producing power. 
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Reverse-bias conditions can occur when a 
PV cell is open-circuited or shaded, or when 
other conditions result in unequal current 
output from devices in a series string. Bypass 
diodes, sometimes called shunt diodes, are 
used in parallel with groups of cells or modules 
to prevent a reverse-bias condition. 

A bypass diode is a diode used to pass cur- 
rent around, rather than through, a group of 
PV cells. The current is allowed to pass around 
groups of cells that are shaded or develop an 
open-circuit or other high resistance condition, 
preventing an interruption of the continuity 
of the string. This allows the functional cells 
or modules in the string to continue deliver- 
ing power. The consequence, however, is that 
the string will operate at a lower voltage. See 
Figure 5-30. 


If a series string of cells is thought of as a highway for current, 
bypass diodes can be considered a detour route. Under normal 
conditions, highway traffic flows smoothly and the detour is 


not needed. However, if an accident slows or stops highway 
traffic, traffic can continue flowing by taking the detour route. 
In a similar way, bypass diodes allow current to flow around 
obstructed paths. 


* Bypass Diodes — 


BYPASS DIODES 


NORMAL CELL OPERATION 


Without a bypass diode, reverse voltage 
may decrease until the breakdown voltage is 
reached. Breakdown voltage is the minimum 
reverse-bias voltage that results in a rapid 
increase in current through an electronic 
device. The high currents can result in poten- 
tially damaging levels of power dissipation 
within the module, and under extreme cases, 
the resulting high temperatures can melt the 
module laminate and pose a fire hazard. A 
bypass diode allows a reverse bias of only 
0.7 V, which limits the reverse voltage to a 
level where only a small amount of power 
may be dissipated. See Figure 5-31. 

Bypass diodes are either embedded in 
the module laminate, and therefore are 
nonserviceable, or are located in the module 
junction box, where they can be inspected 
and replaced as required. Bypass diodes are 
typically installed around groups of 12 to 18 
series-connected cells, with most modules of 
36 cells or more incorporating two or more 
bypass diodes. Bypass diodes must be able 
to handle the maximum operating voltage 
for the number of cells or modules bypassed, 
and must be rated in excess of the maximum 
circuit current. 
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Figure 5-30. Bypass diodes allow current to flow around devices that develop an open-circuit or 


high-resistance condition. 
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Figure 5-31. A bypass diode limits reverse current 
through PV devices, preventing excessive power 
loss and overheating. 


Module Standards 


A number of standards have been developed to 
address the safety, reliability, and performance 
of modules, arrays, and other equipment, as 
well as complete PV systems. 


Safety. PV modules are classified as electrical 
equipment, so they must conform to accepted 
product safety standards, and must be listed or 
approved by an OSHA Nationally Recognized 
Testing Laboratory (NTRL). In the United 
States, Underwriters Laboratories, Inc. (UL) 
tests and certifies modules for electrical safety 
according to UL 1703 Safety Standard for Flat- 
Plate Photovoltaic Modules and Panels. The 
requirements cover flat-plate modules intended 
for roof-mounted, ground-mounted, or build- 
ing-integrated systems with a maximum system 
voltage of 1000 V or less. The standard also 
covers components intended to provide electri- 
cal system connections or structural mounting 
for modules. 

Installation requirements for modules and 
arrays is covered primarily by the NEC?. In ad- 
dition, all PV installers should be familiar with 
construction standards established by OSHA, 
which are covered in Chapter 29 of the U.S. 
Code of Federal Regulations, Part 1926, Safety 
and Health Regulations for Construction. 
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Reliability. The reliability of modules is a 
critical factor affecting the performance, life- 
time, and costs for PV systems. To promote a 
high standard for quality, modules produced 
by leading manufacturers are often tested 
according to International Electrotechnical 
Commission (IEC) standards, including the 
standards IEC 61215 Crystalline Silicon Ter- 
restrial Photovoltaic (PV) Modules-— Design 
Qualification and Type Approval and IEC 
61646 Thin-Film Terrestrial Photovoltaic (PV) 
Modules— Design Qualification and Type Ap- 
proval. These standards are commonly used as 
guidelines for module procurement. Design 
qualification tests include thermal cycling, 
humidity and freezing, impact and shock, im- 
mersion, cyclic pressure, twisting, vibration 
and other mechanical tests, and excessive and 
reverse current electrical tests. These tests are 
similar to, but more extreme than, the product 
listing tests. 

Design qualification has important im- 
plications for product warranties offered by 
manufacturers. As a result, most major module 
manufacturers offer warranties of 20 years or 
more, guaranteeing module peak power output 
of at least 80% of initial nameplate ratings. 
This equates to a degradation rate of no more 
than 1% per year. These exceptionally long 
warranty periods are not typical among other 
electrical equipment and appliance warranties, 
but are offered to assure buyers of the long- 
term performance of PV systems. 


Performance Ratings 


Modules are rated for electrical performance as 
part of product testing. Financial incentives for 
PV installations are in many cases based on an 
array's electrical performance rating. Module 
manufacturers develop performance ratings 
for their products based on the I-V curves of 
sample modules under simulated sunlight. 
Since modules are most often marketed based 
on their peak power rating, accurate repre- 
sentation of this information is critical to the 
consumer. ASTM International and the IEC 
produce standards used by manufacturers and 
independent laboratories in testing and rating 
the performance of modules. These stan- 
dards include test methods, test equipment, 
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#0 


calibration, specifications, terminology, and 
translation of the results. 

Standard performance ratings for modules 
are referred to as nameplate ratings, and they 
are required by the NEC® to be clearly labeled 
on every module. 


maximum power. Additional information may 
include applicable certifications such as design 
qualification, fire class rating, ratings at other 
temperatures, and allowable wire sizes. In addi- 
tion, all modules must have an installation guide 
that covers additional requirements for wiring, 
mounting, and other installation and operation 
considerations. See Figure 5-32. 

Manufacturers typically guarantee the peak 
power ratings for a given product model to 
within +10% of the nameplate rating, though 
actual performance is typically on the lower 
side of the rating. Module performance on the 
higher side of the rating is uncommon, but has 
important implications on module and system 
safety and for the adequate sizing of conduc- 
tors and overcurrent protection for array source 
circuits. Measuring performance in the field 
can be complicated and expensive and requires 
special equipment, so performance verification 
is difficult. However, verification is usually not 
necessary because most modules perform to 
within an acceptable level of their nameplate 
ratings. 


Test Conditions 


Due to the dynamic nature of module per- 
formance and constantly changing operating 
conditions, the performance specifications of a 
module or array have meaning only when the 
rating conditions are given. These reference 
conditions are the basis for module perfor- 
mance ratings. Output at other conditions can 
be determined by translating the data using 
formulas for temperature and irradiance, the 
two principal factors affecting PV device per- 
formance. See Figure 5-33. 
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Figure 5-32. Module labels must include perfor- 
mance ratings for the module and may include 
other information used to design a PV system. 
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Figure 5-33. Various test conditions can be 
used to evaluate module performance and may 
produce different results. 
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Standard Test Conditions (STC). Standard 
test conditions (STC) is the most common and 
internationally accepted set of reference condi- 
tions, and rates module performance at a solar 
irradiance of 1000 W/m?, spectral conditions of 
AM1.5, and a cell temperature of 25°C (77°F). 
STC is the basis for module electrical ratings 
required on module labels by the NEC®. 


However, with the exception of clear days 
in extremely cold climates, modules and 
arrays seldom operate at STC in the field. 
Cell temperatures are often 15°C to 30°C 
(27?F to 54?F) above ambient temperature. 
Furthermore, peak irradiance levels are only 
experienced within an hour or so of solar noon 
on clear days, so modules usually operate un- 
der irradiance levels of less than 1000 W/m’. 
For these reasons, other rating conditions are 
sometimes used. 


Standard Operating Conditions (SOC). 
Standard operating conditions (SOC) is a set 
of reference conditions that rates module per- 
formance at a solar irradiance of 1000 W/m?, 
spectral conditions of AM1.5, and at nominal 
operating cell temperature. Nominal operat- 
ing cell temperature (NOCT) is a reference 
temperature of an open-circuited module based 
on an irradiance level of 800 W/m?, ambient 
temperature of 20°C (68°F), and wind speed 
of 1 m/s. NOCT is product-dependent because 
it largely depends on a module’s construction 
and heat transfer characteristics. 

SOC uses more realistic temperature 
conditions than STC, and results in lower 
peak power and voltage ratings than at STC. 
Manufacturers sometimes list I-V parameters 
for SOC on module labels or specification 
sheets. 


Nominal Operating Conditions (NOC). 
Nominal operating conditions (NOC) is a 
set of reference conditions that rates module 
performance at a solar irradiance of 800 W/m’, 
spectral conditions of AM1.5, and at nominal 
operating cell temperature. NOC indicates a 
more typical peak module performance be- 
cause solar irradiance is closer to 800 W/m? for 
most of the day. As with SOC, manufacturers 
may provide NOC ratings in addition to other 
module specifications. 


PVUSA Test Conditions (PTC). PVUSA 
test conditions (PTC) is a set of reference 
conditions that rates module performance 
at a solar irradiance of 1000 W/m?, ambient 
temperature of 20°C (68°F), and wind speed 
of 1 m/s. PTC are nearly identical to SOC, 
except that the resulting cell temperatures are 
higher. The SOC rating uses NOCT, which is 
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based on 800 W/m? irradiance, while the cell 
temperature for PTC is based on 1000 W/m? 
irradiance. This higher cell temperature makes 
the PTC peak power ratings a little lower than 
ratings at SOC for a given module. 

Other rating conditions have also been de- 
veloped in efforts to more realistically estimate 
actual module performance in the field. Some 
financial incentive programs may also have 
means to estimate the AC energy performance 
for complete PV systems, using specific per- 
formance ratings from a given array and inter- 
active inverter, and factoring in the orientation 
of the array and expected solar energy received 
on that surface at a given location. 


Due to slight variations in performance between batches of 
PV cells, manufacturers may offer two or more modules that 


appear the same in terms of the number and physical size of 
individual cells used, but that have slightly different perfor- 
mance ratings. 


Module Selection 


A number of factors may be considered when 
selecting modules for an array, including 
price, availability, and warranty, as well as 
the physical and electrical characteristics. 
These factors present numerous options and 
tradeoffs for integrators, installers, and buyers 
of PV systems. 

Electrically, the voltage, current, and power 
output values are the most important consid- 
erations because they define the total number 
of modules needed to meet the desired energy 
production requirement. Fewer higher-voltage 
modules will be required in series, and fewer 
higher-current modules will be required in 
parallel, to achieve a desired array configura- 
tion. The provisions for electrical connections 
may also be considered. While the efficiency 
of modules does not necessarily affect module 
costs, it does affect the area required for a given 
power output desired, and consequently may 
affect balance of system costs, such as space 
or land area, as well as structural support 
requirements. 
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On the physical side, among factors that 
may be considered for module selection are 
the overall weight, size, and dimensions of 
the module, the type of frame and laminate 
construction, the means for structural attach- 
ments, the ability to withstand high mechanical 
loads, and perhaps even the color and appear- 
ance. Larger modules generally require less 
array field assembly, but may require special 
handling for lifting and installation. Some 
types of modules, particularly those intended 
for building-integrated applications, may 
use unique means or materials for structural 
attachments. Building-integrated modules 
replace conventional building materials such 
as roofing, glazing, or awnings. Certain sizes 
and shapes of modules may also be chosen to 
best utilize the available space for mounting 
the array. 


Arrays 


The construction of arrays from modules is 
similar to the construction of modules from 
cells. Groups of modules are combined elec- 
trically and mechanically, typically first into 
strings, to achieve the desired array voltage. 
Strings of series-connected modules may be 
called panels or subarrays. Connecting mod- 
ules into series strings before making parallel 
connections makes it easier to expand the array 
in the future, replace individual modules, and 
troubleshoot and diagnose module problems 
within the array. 


The U.S. Coast Guard has special design specifications for 
modules used in marine navigational aids. These specifica- 


tions and associated tests require more durable and weath- 
erproof modules for use in harsh marine environments. 
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The modules or groups of modules are then 
integrated to form a complete array, using 
additional series or parallel connections. The 
result is a complete array that integrates all the 
modules into a single power-generating unit, 
with one positive terminal and one negative 
terminal for connection to other components. 
See Figure 5-34. 


In stand-alone systems, the array must be 
sized to produce enough energy to meet a spe- 
cific load during the period with the greatest 
load and lowest insolation, plus some excess 
energy to account for inefficiencies in battery 
charging, voltage drop, and other system losses. 
For interactive PV systems used to supplement 
normal electrical service, the array is designed 
to produce a desired amount of peak power or 
energy over a given period. More typically, the 
array size is dictated by available financing 
or the area available for the array, or because 
interconnection rules or financial incentives 
otherwise limit the size of the array. l 
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* Photons striking a PV cell give electrons the energy to move freely, which induces the flow of electrical 
current. 


* Many materials can be made into PV cells, but crystalline silicon is currently the most common and economi- 
cal material. 


* Silicon wafers can be made with monocrystalline, polycrystalline, or ribbon silicon methods. 
e The I-V curve illustrates the basic electrical parameters and characteristics of PV devices. 


* The maximum power point is the operating point at which the PV device produces the most power and is 
the most efficient. 


* The inherent properties of the PV material and the resistances in the PV system affect the shape of the I-V 
curve. 


* Solar irradiance and cell temperature affect the magnitude and position of the I-V curve. 
* Any single I-V curve represents only one set of conditions for solar irradiance and cell temperature. 


e Cell temperature is influenced by ambient temperature, wind speed, solar irradiance, thermal characteristics 
of the device's packaging, and the way the cell or module is installed or mounted. 


e I-V curve parameters can be translated from reference irradiance and temperature conditions to other condi- 
tions through the use of equations. 


* PV cells are integrated electrically and mechanically to build modules. Modules are integrated electrically 
and mechanically to build arrays. 


* The electrical concepts used to build voltage and current through series and parallel connections are scalable 
from cells to arrays. 


* Bypass diodes protect PV devices from damage and excessive loss of power by directing current around 
shaded or damaged devices. 


e Standard test conditions are used with performance figures so that modules can be compared effectively. 


e Various standard test conditions have been developed in efforts to more realistically estimate module per- 
formance in real-world situations. 


Definitions 


e A photovoltaic cell is a semiconductor device that converts solar radiation into direct current electricity. 
e A semiconductor is a material that can exhibit properties of both an insulator and a conductor. 


* Doping is the process of adding small amounts of impurity elements to semiconductors to alter their electri- 
cal properties. 


e <A p-type semiconductor is a semiconductor that has electron voids. 
* An n-type semiconductor is a semiconductor that has free electrons. 


« The photovoltaic effect is the movement of electrons within a material when it absorbs photons with energy 
above a certain level. 


e A photon is a unit of electromagnetic radiation. 
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* A p-n junction is the boundary of adjacent layers of p-type and n-type semiconductor materials in contact 
with one another. 


* Amultijunction cell is a cell that maximizes efficiency by using layers of individual cells that each respond 
to different wavelengths of solar energy. 


* Athin-film module is a module-like PV device with its entire substrate coated in thin layers of semiconduc- 
tor material using chemical vapor deposition techniques, and then laser-scribed to delineate individual cells 
and make electrical connections between cells. 


* A photoelectrochemical cell is a cell that relies on chemical processes to produce electricity from light, 
rather than using semiconductors. 


e A wafer is a thin, flat disk or rectangle of base semiconductor material. 


e A monocrystalline wafer is a silicon wafer made from a single silicon crystal grown in the form of a cylin- 
drical ingot. 


e A polycrystalline wafer is a silicon wafer made from a cast silicon ingot that is composed of many silicon 
crystals. 


* Aribbon wafer is a silicon wafer made by drawing a thin strip from a molten silicon mixture. 
* The current-voltage (I-V) characteristic is the basic electrical output profile of a PV device. 


* Anl-Vcurveis the graphic representation of all possible voltage and current operating points for a PV device 
at a specific operating condition. 


* The open-circuit voltage (V. ) is the maximum voltage on an I-V curve and is the operating point for a PV 
device under infinite load or open-circuit condition, and no current output. 


* The short-circuit current (1, ) is the maximum current on an I-V curve and is the operating point for a PV 
device under no load or short-circuit condition, and no voltage output. 


* The maximum power point (P, p) is the operating point on an I-V curve where the product of current and 
voltage is at maximum. 


* The maximum power voltage(V,, p) is the operating voltage on an I-V curve where the power output is at 
maximum. 


* The maximum power current (I, p) 1$ the operating current on an I-V curve where the power output is at 
maximum. 


* Fill factor (FF) is the ratio of maximum power to the product of the open-circuit voltage and short-circuit 
current. 


* Efficiency is the ratio of power output to power input. 
* A family of I-V curves is a group of I-V curves at various irradiance levels. 


* The temperature-rise coefficient is the coefficient for estimating the rise in cell temperature above ambient 
temperature due to solar irradiance. 


* A temperature coefficient is the rate of change in voltage, current, or power output from a PV device due 
to changing cell temperature. 


* A module is a PV device consisting of a number of individual cells connected electrically, laminated, en- 
capsulated, and packaged into a frame. 
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* Anarray is a complete PV power-generating unit consisting of a number of individual electrically and me- 
chanically integrated modules with structural supports, trackers, or other components. 


* Reverse bias is the condition of a PV device operating at negative (reverse) voltage. 
* A bypass diode is a diode used to pass current around, rather than through, a group of PV cells. 


* Breakdown voltage is the minimum reverse-bias voltage that results in a rapid increase in current through 
an electronic device. 


* Standard test conditions (STC) is the most common and internationally accepted set of reference conditions, 
and rates module performance at a solar irradiance of 1000 W/m’, spectral conditions of AM1.5, and a cell 
temperature of 25°C (77°F). 


* Standard operating conditions (SOC) is a set of reference conditions that rates module performance at a 
solar irradiance of 1000 W/m?, spectral conditions of AM1.5, and at nominal operating cell temperature. 


* Nominal operating cell temperature (NOCT) is a reference temperature of an open-circuited module based 
on an irradiance level of 800 W/m?, ambient temperature of 20°C (68°F), and wind speed of 1 m/s. 


* Nominal operating conditions (NOC) is a set of reference conditions that rates module performance at a 
solar irradiance of 800 W/m’, spectral conditions of AM1.5, and at nominal operating cell temperature. 


* PVUSA test conditions (PTC) is a set of reference conditions that rates module performance at a solar 
irradiance of 1000 W/m?, ambient temperature of 20°C (68°F), and wind speed of 1 m/s. 


Review Questions 


— 


. Describe the basic process of manufacturing PV cells. 

. Explain the relationships between PV cells, modules, panels, and arrays. 

How does the photovoltaic effect limit the short-circuit current in PV devices? 

Which methods can be used to estimate or calculate the maximum power point on an I-V curve? 
How does PV device efficiency affect required device area? 

. What effects do series and shunt resistance have in PV systems? 

. Describe how varying solar irradiance affects the I-V characteristics of a PV device. 


. Describe how varying temperature affects the I-V characteristics of a PV device. 


COSS axa oun A U N 


. Describe how key I-V curve parameters are compensated for varying cell temperature. 


How are cells electrically connected to produce a module with desired voltage and current parameters? 


—_ 
> 


. What is the voltage and current resulting from series or parallel connections of dissimilar PV devices? 


mA 000 
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How do bypass diodes protect modules from damage and preserve power performance? 


— 
122 


Why is it important to understand the test conditions used in a module performance evaluation? 
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Chapter Objectives 


* Identify major battery components and their functions. 

» Differentiate between the basic types and classifications of batteries. 

* Understand the operation of batteries and their discharging and charging characteristics. 

° Understand how temperature, discharge and charge rates, and electrolyte specific gravity affect battery 
capacity and life. 

e Understand major principles and considerations for designing battery banks. 
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BATTERY PRINCIPLES 


A battery is a collection of electrochemical cells 
that are contained in the same case and con- 
nected together electrically to produce a desired 
voltage. See Figure 6-1. A battery cell is the 
basic unit in a battery that stores electrical en- 
ergy in chemical bonds and delivers this energy 
through chemical reactions. Battery designs can 
vary by type and manufacturer, but many share 
the same basic components and store electricity 
using similar electrochemical reactions. 


Orage aera 


East Penn Manufacturing Co., Inc. 


Figure 6-1. Batteries are collections of cells that produce electricity 
through electrochemical reactions. Cells can be configured into batter- 
ies of many different shapes and sizes. 


The word “cell” can refer to the smallest electricity-generating 
unit in both PV modules and batteries. Also, many people use 


the word “battery” when they mean “cell.” For example, AA is a 
common size of cell, not battery, for consumer electronics. 


Battery Design 


A battery cell consists of one or more sets of 
positive and negative plates immersed in an 
electrolyte solution. A plate is an electrode 
consisting of active material supported by a 
grid framework. Active material is the chemi- 
cally reactive compound on a battery cell plate. 
The amount of active material in a battery is 
proportional to the energy storage capacity of 
a battery. The grid is a metal framework that 
supports the active material of a battery cell 
and conducts electricity. See Figure 6-2. 


In each cell, there can be a single pair or, 
more commonly, several pairs of positive 
and negative plates. When there are multiple 
pairs, all the positive plates are connected 
together and all the negative plates are con- 
nected together. Thicker plates tolerate deeper 
discharges over long periods while maintaining 
good adhesion of the active material to the grid, 
resulting in longer battery life. Thinner plates 
allow more pairs per cell, maximizing surface 
area for delivering high currents. However, 
thinner plates are less durable and are not 
designed for deep discharges. 

Electrolyte is the conducting medium that 
allows the transfer of ions between battery 
cell plates. Electrolyte may be in a liquid or 


gelled form. An insulating separator keeps 


The chemical reactions during battery 
charging produce gases. Some batteries in- 
clude cell vents to allow the gases to escape to 
the atmosphere. Other batteries are sealed and 
do not allow gases to escape under normal con- 
ditions, but include pressure-relief vents. These 
vents remain closed under normal conditions, 
but open when the battery pressure increases 
beyond a threshold, often the result of over- 
charging or high-temperature operation. 


Surrette Battery Company 


Cells are connected to each other inside the battery 
case with intercell connectors. 
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Figure 6-2. Many components are common to various battery types. 


Battery cases contain cells in individual 
chambers and give the battery structure. Cases 
are typically made from strong and durable 
plastics, which do not react with the electro- 
lyte. The case includes terminals, vents, cell 
partitions, and intercell connectors that connect 
plate assemblies between cells. Terminals are 
the external electrical connections to a battery. 
Connections to loads, charging circuits, or other 
batteries are made at the terminals. Clear bat- 
tery cases allow easier monitoring of electrolyte 
levels and battery plate condition. 


Steady-State 

A cell or battery that is not connected to a load or 
charging circuit is at steady-state. Steady-state 
is an open-circuit condition where essentially 
no electrical or chemical changes are occurring. 
At steady-state, there is electrical potential be- 
tween the positive and negative terminals, but 
electrons cannot flow until a load is connected 
between the terminals. The open-circuit voltage 
is the voltage of a battery or cell when it is at 
steady-state. The open-circuit voltage of a fully 
charged lead-acid cell is about 2.1 V. 
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Capacity 
Capacity is the measure of the electrical energy 
storage potential of a cell or battery. Several 
physical factors affect the capacity, including 
the quantity of active material; the number, 
design, and dimensions of the plates; and the 
electrolyte concentration. Operational factors 
affecting capacity include discharge rate, charg- 
ing method, temperature, age, and condition 
of the cell or battery. Capacity is commonly 
expressed in ampere-hours (Ah), but can also be 
expressed in watt-hours (Wh). For example, a 
battery that delivers 5 A for 20 hr has delivered 
100 Ah. If the battery averages 12 V during 
discharge, the capacity can also be expressed as 
1200 Wh (100 Ah x 12 V = 1200 Wh). 
Temperature and discharge rate may affect 
Capacity, especially of lead-acid batteries. 
Warmer batteries are capable of storing and 
delivering more charge than colder batteries. 
See Figure 6-3. However, high temperatures 
decrease the useful life of a battery. Manufac- 
turers generally rate lead-acid battery perfor- 
mance and cycle life at 25°C (77°F). For the 
best trade-off between capacity and lifetime, 
the system should be designed for the recom- 
mended discharge rate and the battery should 
be located where the average temperature will 
be close to the manufacturer’s recommenda- 
tion. Any differences from the rated conditions 
affect the actual capacity of the battery. 


Envelope separators are pockets that encapsulate the entire 
plate except for the electrical connections at the top. The enve- 


lopes prevent pieces of active material from creating internal 
short circuits if they break away from the grid and fall to the 
bottom of the cell. — i 


Discharging 

Discharging is the process of a cell or battery 
converting chemical energy to electrical energy 
and delivering current. Discharging removes 
energy from a battery. Discharging begins 
when a load is connected to the battery at the 
positive and negative terminals. At that mo- 
ment, a chemical reaction begins that causes 
electrons to flow from the negative terminal to 
the positive terminal. 
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Figure 6-3. Higher temperatures and slower dis- 
charge rates result in increased battery capacity. 


At the negative terminal, the active mate- 
rial in the negative plate reacts with the elec- 
trolyte to form a new material that releases 
excess electrons. At the positive terminal, 
the active material in the positive plate reacts 
with the electrolyte to form a new material, 
which requires extra electrons to complete 
the reaction. When the battery is discharg- 
ing, the excess electrons at the negative 
terminal are conducted outside the battery, 
through the load, to the positive terminal to 
complete the reactions at the positive plate. 
See Figure 6-4. 


Small, demonstration PV systems may include the 
batteries to simulate the operation of stand-alone 
systems. 
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The voltage between the terminals is 
highest at the beginning of a discharge cycle 
and gradually falls. The voltage of a battery 
system is not constant but ranges from a 
few volts above its nominal voltage to a few 
volts below. For example, a nominal 12 V 
lead-acid battery is between 12.6 V and 13 V 
at steady-state when fully charged. The bat- 
tery voltage falls to a voltage between 10.8 V 
and 11 V during discharge, depending on 
the discharge current. The cutoff voltage is 
the minimum battery voltage specified by 
the manufacturer that establishes the battery 
capacity at a specific discharge rate. Below 
the cutoff voltage, there is no further usable 
capacity. 

Discharge rate is expressed as a ratio of 
the nominal battery capacity to the discharge 
time in hours. For example, a 5 A discharge 
for a nominal 100 Ah panen ould be: a e 
discharge rate. i g ) 


hr. EE is TEN 
TE by di rate of discharge. Lower dis- 
charge rates are able to remove more energy 
from a battery before it reaches the cutoff 
voltage. Higher discharge rates remove less 
energy before the battery reaches the same 
voltage. See Figure 6-5. 


State of Charge (SOC). The state of charge 
(SOC) is the percentagc of energy remaining 
in a battery compared to the fully charged 
capacity. Discharging a battery decreases the 
state of charge, while charging increases the 
state of charge. For example, a battery that has 
had three-quarters of its capacity removed is 
at 2596 state of charge. See Figure 6-6. 


Depth of Discharge (DOD). Depth of dis- 
charge (DOD) is the percentage of withdrawn 
energy in a battery compared to the fully 
charged capacity. For example, a battery 
that has had three-quarters of its capacity 
removed is at a 7596 depth of discharge. By 
definition, the depth of discharge and state 
of charge of a battery add up to 10096. Two 
common qualifiers for depth of discharge in 
PV systems are the allowable DOD and the 
average daily DOD. 
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Figure 6-4. Electrochemical reactions within a cell produce a flow of 
electrons from the negative terminal to the positive terminal. 
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Figure 6-5. Slower discharge rates remove 
more energy from a battery than faster dis- 
charge rates. 


Battery cells are essentially devices for converting between 
chemical energy and electrical energy. When a load is con- 


nected to the cell or battery, the discharging reaction uses 
the energy of chemical bonds to free electrons and cause 
them to flow. 
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Figure 6-6. The state of charge and depth of 
discharge of a battery always add up to equal 
100%. 


Allowable DOD. The allowable depth of 
discharge is the maximum percentage of total 
capacity that is permitted to be withdrawn from 
a battery. The allowable DOD may be as high 
as 80% for deep-cycle traction batteries or 
as low as 15% for automotive batteries. The 
allowable DOD is determined by the cutoff 
voltage and discharge rate. 


Average Daily DOD. The average daily 
depth of discharge is the average percentage 
of the total capacity that is withdrawn from a 
battery each day. See Figure 6-7. If the load 
varies seasonally, such as in a lighting system, 
the average daily DOD will be greater in the 
winter months due to greater loads at night. If 
the loads are constant, the average daily DOD 
will be greater in the winter due to low tem- 
peratures that lower the rated battery capacity. 
Depending on the rated capacity and the aver- 
age daily energy load, the average daily DOD 
may vary from only a few percent in systems 
designed with high autonomy to as high as 
50% for marginally sized battery systems. 


Autonomy. In stand-alone PV systems, bat- 
tery system capacity is generally several times 
greatcr than needed for the average daily load 
requirements in order to account for days 
with below-normal insolation. Autonomy is 
the amount of time a fully charged battery 
system Can supply power to system loads with- 
out further charging. Autonomy is expressed 
in days. Battery systems are typically sized 


for an autonomy period of two to six days. 
Autonomy may be greater for applications in- 
volving a critical load, public safety, or highly 
variable insolation. Lower average daily DOD 
or greater battery system capacity results in 
longer autonomy. 
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Figure 6-7. When arrays are used to charge bat- 
teries, seasonal insolation variations affect depth 
of discharge values. 


Self-Discharge. Self-discharge is the gradual 
reduction in the state of charge of a battery 
while at steady-state condition. Self-discharge 
is also referred to as standby or shelf loss. 
Self-discharge is a result of internal electro- 
chemical mechanisms and losses. The rate of 
self-discharge differs among battery types and 
increases with battcry age. Self-discharge rates 
are typically specified in percentage of rated 
capacity per month. Higher temperatures result 
in higher self-discharge rates, particularly for 
lead-antimony designs. See Figure 6-8. 

In operation, self-discharge is usually in- 
significant compared to normal system loads. 
However, if the PV system is small or self- 
discharge is otherwise a concern, continuous 
application of a very small charge current 
counters the effects of self-discharge and keeps 
a battery at full charge. 


Charging 

A cycle is a battery discharge followed by a 
charge. Charging is the process of a cell or 
battery receiving current and converting the 
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electrical energy into chemical energy. Charg- 
ing is done by applying an electrical current 
to the cell or battery in a direction opposite to 
the discharge. In order for the battery to accept 
current, the voltage of the charging source must 


* Charging Reaction _ 
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Figure 6-9. The charging reaction within a cell is the reverse of the 
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Figure 6-8. Batteries exhibit high self-discharge 
rates at higher temperatures. 


The electrons passing through in the op- 
posite direction reverse the chemical reactions 
and restore the active materials and electrolyte 
to their original compositions. See Figure 6-9. 
Charge rate is quantified in the same way as 
discharge rate. For example, a charging rate of 
C/50 to a 100 Ah battery applies 2 A of cur- 
rent until the battery reaches a specific fully 
charged voltage. 

During charging, the battery voltage rises 
sharply then stabilizes. Voltage rises again, 
first very slowly, then faster, and may pass 
the gassing voltage. The gassing voltage is the 
voltage level at which battery gassing begins. 
Voltage stabilizes again at the fully charged 
voltage level. Batteries can be charged in one 
stage or multiple stages. Three stages of battery 
charging are bulk charging, absorption charg- 
ing, and float charging. Equalizing charging is 
an additional type of charging. 


discharge reaction. 


Bulk Charging. Bulk charging is battery charg- 
ing at a relatively high charge rate that charges 
the battery up to a regulation voltage, resulting 
in a state of charge of about 80% to 90%. See 
Figure 6-10. This is also called normal charg- 
ing. Single-stage charging is bulk charging 
only. This mode is simple to implement, but 
does not fully charge the battery. Multiple-stage 
charging includes additional charging modes to 
reach a higher state of charge. 


Absorption Charging. Once a battery is 
nearly fully charged, most of the active ma- 
terial in the battery has been converted to 
its original form, and current regulation is 
required to limit the amount of overcharge 
supplied to the battery. Absorption charging 
is battery charging following bulk charging 
that reduces the charge current to maintain 
the battery voltage at a regulation voltage for a 
certain period. The absorption charging period 
can be preset or adjustable, and is usually 1 hr 
to 3 hr. Absorption charging charges another 
1096 to 1596 of battery capacity. 
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Figure 6-10. Bulk, absorption, and float charging control battery voltage with the charging current 


during a multiple-stage charging cycle. 


Float Charging. When the battery reaches 
nearly 100% state of charge, the charging 
voltage is lowered slightly to the float voltage 
and the charging current is set to a very low 
rate. Float charging is battery charging at a low 
charge rate that maintains full battery charge 
by counteracting self-discharge. The float 
charge rate must not exceed the self-discharge 
rate or the battery will be overcharged. Float 
charging is also called trickle charging or fin- 
ish charging. A charge controller remains in 
float charge mode until the array current is no 
longer high enough to maintain the battery at 
float voltage. 


Battery types that cannot be recharged use electrochemi- 
cal reactions that are not easily reversible. This makes them 


impractical for PV systems but commonly used in consumer 
electronics due to their low cost. 


Equalizing Charging. An equalizing, or re- 
freshing, charge is used periodically to main- 
tain consistency among individual lead-acid 
cells. Equalizing charging is current-limited 
battery charging to a voltage higher than the 
bulk charging voltage, which brings each cell 
to a full state of charge. Equalizing charging 
is a controlled overcharge to produce gassing, 


ensuring that every cell is fully charged. Equal- 
izing a battery helps to prevent electrolyte 
stratification, sulfation, and cell voltage incon- 
sistencies that develop during normal battery 
operation, and maintains battery capacity at 
the highest possible levels. 

For batteries that are deeply discharged on 
a daily basis, an equalizing charge is recom- 
mended every one or two weeks. For batter- 
ies less severely discharged, equalizing may 
only be required every one or two months. 
An equalizing charge is typically maintained 
until the cell voltages and specific gravities 
remain consistent for a few hours. Only flooded 
open-vent batteries need equalization. Sealed 
or valve-regulated batteries can be damaged 
by equalization. 


Gassing and Overcharge 


When a battery is nearly fully charged, es- 
sentially all of the active materials have been 
converted to their fully charged composition and 
the cell voltage rises sharply. Further charging at 
this point results in gassing. Gassing is the de- 
composition of water into hydrogen and oxygen 
gases as the battery charges. Hydrogen forms 
at the negative plate and oxygen forms at the 
positive plate. The gases bubble up through the 
electrolyte and may escape through cell vents, 
resulting in water loss from the electrolyte. 


Some level of gassing is required to achieve 
full charge, but gassing must be carefully 
controlled to prevent excessive water loss. 
Water may need to be periodically added to 
the electrolyte to maintain the proper acid 
concentration, though this cannot be done for 
all types of batteries. Gassing is useful for 
gently agitating the electrolyte, which ensures 
that its concentration is uniform. However, 
excessive gassing can dislodge active materials 
from the grids, increase battery temperature, 
or expose the plates, which can permanently 
damage the battery. 

The gassing voltage is a function of bat- 
tery chemistry, temperature, charge rate, 
voltage, and state of charge. As battery 
temperature decreases, the corresponding 
gassing voltage increases, and vice versa. 
At a battery temperature of 0°C (32°F) the 
gassing voltage of lead-acid cells increases 
to about 2.5 V. The effect of temperature 
on the gassing voltage is the reason why 
the charging process should be temperature 
compensated. This ensures that batteries 
are fully charged in cold weather and not 
overcharged during warm weather. 

At a given temperature, the gassing volt- 
age is the same for all charge rates. However, 
since charge rates affect capacity, gassing 
begins at a lower state of charge at higher 
charge rates. For example, at a charge rate of 
C/20 at 25°C (77°F), the gassing voltage of 
about 2.35 V per lead-acid cell is reached at 
about 90% state of charge. At a charge rate of 
C/5, the gassing voltage is reached at about 
75% state of charge. 

Overcharge is the ratio of applied charge to 
the resulting increase in battery charge. For ex- 
ample, a 100 Ah battery may require 110Ah 
of charge to account for charge loss due to 
gassing. The overcharge in this case is 110%. 
Varying amounts of overcharge are required 
for different battery types and from different 
states of charge. Generally, more overcharge 
is required to charge a battery from a shallow 
DOD than from a greater DOD, since the 
final stages of charging are the least efficient. 
Some batteries may require as much as 120% 
overcharge while many others require only 
about 110%. 
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Electrolyte Concentration 


Specific gravity is the ratio of the density of a 
substance to the density of water. By defini- 
tion, water has a specific gravity of 1.00. The 
electrolyte in a fully charged lead-acid battery 
is a solution of approximately 25% sulfuric 
acid and 75% water (by volume). Ions from the 
acid are consumed by the active material dur- 
ing discharging and released during charging, 
so the concentration of the acid in the water 
changes with state of charge. Therefore, the 
specific gravity of the electrolyte is related to 
the battery state of charge, though it is also 
affected by temperature. 

In a fully charged lead-acid battery, the 
specific gravity of the electrolyte typically 
ranges between 1.25 and 1.28 at a tempera- 
ture of 25°C (77°F). When the battery is fully 
discharged, the electrolyte is essentially water, 
with a specific gravity near 1.00. Therefore, 
electrolyte specific gravity can be used to 
estimate battery state of charge. However, 
temperature will also affect specific gravity, 
so readings must be adjusted to compare to 
the expected values at 25°C (77°F). 

Concentrated sulfuric acid has a very low 
freezing point (as low as —70°C [-94°F]), 
while water has a freezing point of 0°C (32°F). 
Therefore, the freezing point of the electrolyte 
also varies with the specific gravity of the 
electrolyte. As the battery becomes discharged, 
the specific gravity decreases, resulting in a 
higher freezing point for the electrolyte. See 
Figure 6-11. 
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Surrette Battery Company 
Batteries may be designed so that individual cells can be removed for transport 
and reasembly if necessary. 
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Figure 6-11. The freezing point of sulfuric acid 
electrolyte changes at various states of charge 
because of changes in specific gravity. 


In extreme climates, the specific gravity 
of the electrolyte is often adjusted outside the 
typical range to compensate for the effects of 
temperature extremes. 

In warm climates where freezing tempera- 
tures do not occur, the specific gravity may be 
reduced to below 1.25. Lower concentrations 
also lessen the degradation of the separators 
and grids, prolonging the useful service life 
of the battery. However, lower electrolyte 
specific gravity decreases the storage capacity 
and discharge rate performance, though these 
factors are usually offset by the higher operat- 
ing temperatures. 


Battery temperature is often monitored byan electronic sensor placed between 
adjacent battery cases. 


In very cold climates, the electrolyte may 
be susceptible to freezing, particularly during 
winter when the batteries may not be fully 
charged due to below-average insolation. If 
the electrolyte freezes, it will expand, causing 
irreversible damage to the battery. The specific 
gravity of the electrolyte may be increased 
slightly, up to 1.30. Increasing the electrolyte 
concentration lowers the freezing point and 
accelerates the electrochemical reactions, 
improving the capacity at low temperatures. 
However, high specific gravity can reduce the 
useful service life of a battery. 

While the specific gravity can be used to es- 
timate the state of charge of a lead-acid battery, 
low or inconsistent specific gravity readings 
between series-connected cells in a battery 
may also indicate sulfation, stratification, or a 
lack of charge equalization between cells. 


Sulfation. Sulfation is the growth of lead sul- 
fate crystals on the positive plate of a lead-acid 
cell. Sulfation is a side effect of normal battery 
aging, but can be accelerated by prolonged 
operation at partial states of charge. Sulfation 
decreases the electrolyte concentration and 
the available active material, and therefore the 
capacity of the cell. See Figure 6-12. Sulfation 
also increases internal resistance within the 
battery, making it more difficult to charge. 
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Figure 6-12. Sulfation reduces the capacity of 
a lead-acid cell by locking away active material 
as crystals. 


During normal battery discharging, the 
active materials on both the positive and nega- 
tive plates are converted to lead sulfate. If the 
battery is charged soon after being discharged, 
the lead sulfate converts easily back into the ac- 
tive materials. However, if a lead-acid battery 
remains at a low state of charge for prolonged 
periods (weeks), the lead sulfate crystallizes 
on the positive plate, which inhibits conversion 
back to active materials during charging. The 
crystals essentially reduce the amount of active 
material, decreasing the capacity of the battery. 
If lead sulfate crystals grow too large, they can 
also cause physical damage to the plates. 

Sulfation is a common problem with lead- 
acid batteries in some PV systems because 
the batteries often operate at partial states 
of charge for extended periods. To minimize 
sulfation, the array should be sized to charge 
the battery during the month with the highest 
load to insolation ratio. Also, the additional 
energy sources in hybrid systems are effective 
at keeping batteries fully charged. 


Stratification. During charging, electrolyte acid 
ions form on the plates and gradually descend to 
the bottom of the cell. Over time, the electrolyte 
can develop a greater acid concentration at the 
bottom of the cell than at the top. Stratification 
is acondition of flooded lead-acid cells in which 
the specific gravity of the electrolyte is greater at 
the bottom than at the top. See Figure 6-13. 

If left unmixed, the reaction processes vary 
between the bottom and the top of the plates, 
decreasing battery performance and increasing 
corrosion. If the battery has a transparent case, 
it may be possible to see more degradation 
on the bottoms of the plates than the tops. 
Stratification is generally the result of low 
charge rates or undercharging, which does 
not produce the gassing needed to agitate the 
electrolyte. Tall stationary cells are particularly 
prone to stratification when charged at low 
rates. Periodic equalization gassing thoroughly 
mixes the electrolyte and minimizes stratifica- 
tion problems. 


Battery Life 


Battery life depends on many design and op- 
erational factors, including battery materials, 
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operating temperatures, cycle frequency, depth 
of discharges, average state of charge, and 
charging methods. Battery life is expressed in 
terms of cycles or years. The end of the useful 
life of a battery is marked by loss of capacity 
that increases the daily DOD beyond an ac- 
ceptable level. End-of-life reductions in bat- 
tery capacity may occur gradually or abruptly, 
depending on the type of failure. 
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Figure 6-13. Stratification results when the 
specific gravity of the electrolyte is higher at the 
bottom of a cell than at the top. 
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For safety and weight reasons, batteries are sometimes 
drained after initial charging by the manufacturer and shipped 


in a dry condition. The acid and water are then added during 
installation.. 


Exact quantification of battery life in PV 
systems is difficult due to the number of vari- 
ables involved, but certain trends can be used 
to estimate battery life. As long as a battery is 
not overcharged, overdischarged, or operated 
at excessive temperatures, the lifetime of a 
battery is roughly proportional to its aver- 
age state of charge. For example, a typical 
flooded lead-acid battery that is maintained 
above 90% state of charge will provide two 
to three times more charge/discharge cycles 
than a battery maintained at an average 50% 
state of charge. 
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Batteries are hazardous items because they contain toxic materials such as plastics, lead, 
and acids that can harm humans and the environment. For this reason, laws have been 
established that dictate requirements for battery disposal and recycling. In some cases, 
battery manufacturers provide guidelines for battery disposal through local distributors. 
Battery manufacturers may also accept batteries for recycling. In most areas, batteries 
may be taken to approved recycling centers. Under no circumstances should batteries be 
disposed of in landfills or burned. 

At a recycling center, the battery is broken into pieces and placed in a vat. The lead and 
heavy materials fall to the bottom, while the plastic rises to the top and the acid is drained 
off. The materials are separated and each undergoes a different recycling process. 

The plastic pieces are washed, dried, and sent to a plastic recycler. There the pieces 
are melted together and extruded into small plastic pellets of uniform size. The pellets are 
sold to battery case manufacturers for use in new cases. 

The lead plates and other parts are cleaned and then melted in smelting furnaces. The 
molten lead is poured into ingot molds. Large ingots weighing about 2000 Ibs are called 
hogs. Smaller ingots weighing 65 Ibs are called pigs. After a few minutes, the impurities 
float to the top of the still-molten lead in the ingot molds and are scraped away. When the 
ingots are cool, they are removed from the molds and sent to battery manufacturers where 
they are melted again to produce new lead plates and other parts for new batteries. More 
than 97% of all battery lead is recycled. 

Old battery acid can be handled in two ways. The acid can be neutralized with an indus- 
trial compound similar to household baking soda. The resulting liquid is mostly water that 
is treated, cleaned, and tested to ensure that it meets clean water standards. The other 
method is to process the acid into sodium sulfate, an odorless white powder that is used in 
laundry detergent, glass, and textile manufacturing. 
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Operating temperature has a significant 
affect on battery life. The electrochemical 
reaction rates double for every 10°C (18°F) 
increase in temperature. Therefore, battery 
life decreases by half for every 10°C (18°F) 
increase. Higher operating temperatures also 
accelerate corrosion of the positive plate 
grids, resulting in greater gassing and elec- 
trolyte loss. Lower operating temperatures 
generally increase battery life, but capacity 
is significantly reduced, particularly for lead- 
acid batteries. In areas of severe temperature 
variations, batteries should be located in 
insulated or otherwise temperature-regulated 
enclosures. 


BATTERY TYPES 


Many types and classifications of batteries are 
manufactured, each with specific design and 
performance characteristics suited for particular 
applications. In PV systems, lead-acid batteries 


are most common due to their wide availability 
in many sizes, low cost, and well-understood 
performance characteristics. In a few critical, 
low-temperature applications, nickel-cadmium 
batteries are used, but high initial cost limits 
their use in most PV systems. Other battery 
designs may be used in small PV applications 
but are not common. 

Electrical storage batteries are either 
primary or secondary batteries. A primary 
battery is a battery that can store and deliver 
electrical energy but cannot be recharged. 
Carbon-zinc and lithium batteries typically 
used in consumer electronic devices are ex- 
amples of primary batteries. Primary batteries 
are not suitable for PV systems. A secondary 
battery is a battery that can store and deliver 
electrical energy and can be charged by pass- 
ing a current through it in an opposite direction 
to the discharge current. Lead-acid batteries 
commonly used in automobiles and PV sys- 
tems are examples of secondary batteries. 


Battery Classifications 


Secondary batteries are often classified as 
traction; starting, lighting, and ignition (SLD; 
or stationary batteries. The differences in 
their design and materials result in differ- 
ent discharge and cycle characteristics. See 
Figure 6-14. 


Traction Batteries. A traction battery is a 
class of battery designed for repeated deep- 
discharge cycle service. Because they are 
often used in electrically operated vehicles 
and equipment such as golf carts, forklifts, 
and hybrid automobiles, traction batteries 
are also called motive power batteries. These 
batteries have fewer plates per cell than other 
types of batteries, and the plates are thick and 
durable. Traction batteries are very popular 
in PV systems for their deep-cycle capability, 
long life, and durability. 


Starting, Lighting, and Ignition Batteries. 
A starting, lighting, and ignition (SLI) battery 
is a class of battery designed primarily for 
shallow-discharge cycle service. These bat- 
teries have many thin plates per cell, allowing 
the battery to deliver high currents for short 
periods, and are most often used to power 
automobile starters. SLI batteries are not 
recommended for PV applications because 
they are not designed for deep discharges. 
However, SLI batteries are sometimes used 
for PV systems in developing countries where 
they are the only type of battery available lo- 
cally. When depth of discharges are limited, 
SLI batteries may provide up to about two 
years of useful service in small, stand-alone 
PV systems. 


Stationary Batteries. A stationary battery 
is a class of battery designed for occasional 
deep-discharge, limited-cycle service. These 
batteries are designed to last a long time on 
standby service, so they are commonly used 
in uninterruptible power supplies (UPSs) to 
provide back-up power to computers, tele- 
phone equipment, and other critical loads or 
devices. Stationary batteries are not recom- 
mended for most PV applications because 
they are designed for very few charging and 
discharging cycles. 


Chapter 6 — Batteries 161 


¥ Battery Classifications 


STATIONARY BATTERIES 


Figure 6-14. Batteries are divided into classes 
based on discharge and cycle characteristics. 


Manufacturer expectations for battery life may not be ap- 
plicable in PV systems because most manufacturers do not 


rate battery performance under the same cycling and depth 
of discharge conditions as are found in PV systems. 
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Flooded-Electrolyte Batteries 


Flooded electrolyte is electrolyte in the form 
of a liquid. The electrolyte in flooded lead-acid 
cells is a sulfuric acid and water solution and 
the electrolyte in flooded nickel-cadmium cells 
is an alkaline solution of potassium hydroxide 
and water. Flooded batteries can be classified 
as either open-vent or sealed-vent types. 


Open- Vent Batteries. Open-vent batteries al- 
low charging gases to freely escape. However, 
water must be added periodically to replenish 
water lost through gassing and maintain the 
correct concentration. Open-vent batteries 
have removable caps for the addition of water. 
Distilled or demineralized water must be used 
to replenish electrolyte because even normal 
tap water has impurities that can taint a battery 
and result in premature loss of capacity. 

A catalytic recombination cap (CRC) is 
a vent cap that reduces electrolyte loss from 
an open-vent flooded battery by recombin- 
ing vented gases into water. CRCs contain 
particles of a catalyst such as platinum or pal- 
ladium. A catalyst is a substance that causes 
other substances to chemically react but does 
not participate in the reaction. The catalyst 
causes a reaction between the hydrogen and 
oxygen that are generated by the battery dur- 
ing charging. The gases recombine in the 
CRC to form water, which drains back into 
the battery. CRCs on open-vent flooded lead- 
antimony batteries reduce electrolyte loss by 
as much as 50% in subtropical climates. See 
Figure 6-15. 


CRCS also generate heat during the re- 


Sealed-Vent Batteries. Sealed-vent flooded 
batteries have nonremovable caps on the 
cells that allow only excess charging gases to 
escape through pressure-relief vents. Under 
controlled charging, the pressure relief vents 
remain closed and the process is contained. 
Excessive overcharge, however, can increase 


the internal gas pressure to the point of open- 
ing the pressure relief vents and releasing gas. 
This results in a permanent loss of water that 
cannot be replenished. Manufacturers account 
for only a small loss of water by including 
reserve electrolyte. 
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Figure 6-15. Catalytic recombination caps re- 
combine oxygen and hydrogen into water, which 
then drains back into the battery. 


Captive-Electrolyte Batteries 


Captive electrolyte is electrolyte that is immo- 
bilized. See Figure 6-16. Batteries with captive 
electrolyte are sealed and often referred to as 
valve-regulated lead-acid (VRLA) batteries 
because they include pressure-relief vents. 
Captive electrolyte cannot be replenished, 
so these batteries are intolerant of excessive 
overcharge. However, captive-electrolyte bat- 
teries feature internal gas recombination. This 
process recombines the oxygen gas from the 
positive plates and the hydrogen gas from the 
negative plates back into water, replenishing 
the electrolyte. 


Captive-electrolyte batteries are popular 
because they are spill-proof and easily trans- 
orted. Captive electrolyte is also less suscep- 
captive-electrolyte batteries 
unavailable. The two most common types of 
captive electrolyte are the gelled electrolyte 
and absorbed glass mat electrolyte designs. 
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Figure 6-16. Captive-electrolyte batteries are 
sealed and contain electrolyte that is immobilized. 


Gelled Electrolyte. Electrolyte is gelled by 
adding silicon dioxide to the electrolyte. The 
mixture is added to the battery as a warm liquid 
and turns to gel as it cools. Cracks and voids 
develop within the gelled electrolyte during the 
first few cycles, providing paths for the gases 
to move around, facilitating recombination. 
Excessive gases, however, escape through the 
pressure-relief vents, drying and shrinking the 
gel, causing it to lose contact with the plates 
and reducing capacity. Some gelled electrolyte 
has a small amount of phosphoric acid added to 
improve the deep-discharge cycle performance 
of the battery by minimizing grid oxidation at 
low states of charge. 


Absorbed Glass Mat Electrolyte. The elec- 
trolyte in an absorbed glass mat (AGM) battery 
is a liquid absorbed into fiberglass mats that are 
sandwiched in layers between the plates. The 
fiberglass mats also act as separators between 
the plates. This arrangement also allows the 
oxygen and hydrogen gases to migrate and re- 
combine as water. AGM batteries are intolerant 
of high operating temperatures. Recommended 
charge regulation methods for gelled batteries 
also apply to AGM batteries. 


Lead-Acid Batteries 


Lead-acid batteries are the most common 
type of batteries used in PV systems. Lead- 
acid batteries are generally inexpensive and 
widely available in many capacities from 
10 Ah to over 1000 Ah. Their deep-cycle 
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characteristics make them ideal for PV ap- 
plications, but they do not tolerate extreme 
temperatures well and may require frequent 
maintenance. See Figure 6-17. 

In a lead-acid cell, the active material is lead 
dioxide (PbO,) in the positive plates and metal- 
lic sponge lead (Pb) in the negative plates. The 
electrolyte is a solution of sulfuric acid (H,SO,) 
and water. The lead-acid electrochemistry 
produces a cell with a nominal voltage of 2 V. 
Six cells are configured in series to produce a 
battery with a nominal voltage of 12 V. 

Lead-acid battery types are differentiated 
by the elements alloyed with lead in the plate 
grids, and the physical form of the electrolyte. 
The most common types of grid alloys for lead- 
acid batteries are lead-antimony, lead-calcium, 
and hybrids. 


Lead-Antimony Batteries. Lead-antimony 
battery plate grids include 3% to 6% of an- 
timony (Sb), which provides excellent deep- 
discharge performance. Lead-antimony grids 
also limit the shedding of active material and 
last the longest of the lead-acid batteries at 
higher temperatures. Disadvantages of lead- 
antimony batteries include a high self-discharge 
rate and possibly frequent water additions due 
to gassing. 


Battery chemistry is described with chemical equations, 
which show how the molecules or ions of the active material 
and electrolyte combine and/or split into different materials 
while either releasing or absorbing electrons. 
In a lead-acid battery during discharging, the negative 
plate reaction is the following: 
PbO, + HSO; + 3H* + 2e > PbSO, + 2H,O 


The positive plate reaction is: 
Pb + HSO; > PbSO, + H* + 2e 


During charging, the reactions reverse. The materials 
on the right side of the equation change into the materials 
on the left. For this reason, the reaction arrows are usually 
shown as “o>.” 

Therefore, in a nickel-cadmium battery, the negative plate 
reactions are: 

Cd + 20H & Cd(Oh), + 2e 


The positive plate reactions are: 
2NiO(OH) + 2H,O + 2e: e 2Ni(OH), + 20H- 
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į Lead-Acid Battery Characteristics 


DEEP-CYCLE TEMPERATURE MAINTENANCE 


ASII? PERFORMANCE TOLERANCE 
! | Lead-antimony low very good good good high 
- Flooded — Lead-calcium open-vent low very good poor poor medium 
electrolyte | cad-calcium sealed-vent low very good poor poor low 
m , Lead-antimony/lead-calcium low limited good good medium 
Captive I Lead-calcium sealed-vent medium limited fair poor low 
electrolyte / | ead-antimony/lead-calcium medium limited fair poor low 


Figure 6-17. The characteristics of lead-acid batteries vary between different designs. 


Lead-antimony batteries are a robust design cycles and generally do not last long in most 
with thick plates and are classified as traction PV applications. These batteries can be used in 
batteries. They are well suited to PV applica- small stand-alone PV systems such as in rural 
tions due to their deep-cycle capability and tol- homes and lighting systems, but must be care- 
erance of abuse. Most lead-antimony batteries fully charged and discharged to achieve useful 
are flooded, open-vent types with removable ^ performance and life. 
caps to permit water additions. The frequency 
of water additions can be minimized by using 
catalytic recombination caps or having cases 
with excess electrolyte reservoirs. 


Hybrid Batteries. A hybrid battery is a bat- 
tery that uses a combination of plate designs 
to maximize the desirable characteristics of 
each. The most common type of hybrid bat- 
Lead-Calcium Batteries. Lead-calcium bat- tery uses lead-calcium positive plate grids and 
tery plate grids include 3% to 6% calcium — lead-antimony negative plate grids. This design 
(Ca), which reduces gassing and lowers the combines the advantages of the lead-calcium 
self-discharge rate. Less water is lost in lead- — and lead-antimony designs, including good 
calcium batteries than in lead-antimony batter- deep-cycle performance, low water loss, and 
ies, so they generally require less maintenance. long life. However, stratification and sulfation 
Disadvantages of lead-calcium batteries include can be problems with these batteries, and they 
poor charge acceptance after deep discharges, ^ must be maintained accordingly. These bat- 
shortened battery life and capacity at higher terjes are sometimes used in PV systems with 
operating temperatures, and intolerance of — Jarger capacities and deep cycle requirements. 
overcharging. Hybrid batteries are usually flooded designs, 
Lead-calcium batteries can be either although models using gelled electrolyte have 
captive-electrolyte or flooded-electrolyte ^ been developed. 
designs. Lead-calcium batteries make up the 
majority of captive-electrolyte designs and are 
commonly used in PV applications. Flooded Nickel-Cadmium Batteries 
lead-calcium batteries with open vents are sta- — Nickel-cadmium (Ni-Cd) batteries are second- 
tionary batteries, which are not suitable for most ary batteries with several advantages over lead- 
PV applications. Flooded lead-calcium batteries acid batteries that make them well suited for PV 
with sealed vents are primarily SLI batteries systems, including long life, low maintenance, 
developed as “maintenance-free” automotive excessive discharge tolerance, excellent low- 
starting batteries. They are maintenance-free temperature capacity retention, and noncritical 
in the sense that they incorporate sufficient re- voltage regulation requirements. The main 
serve electrolyte to operate over their expected disadvantages of nickel-cadmium batteries are 
service life without additional water. They have high initial cost and limited availability com- 
a low cost, but they are designed for shallow pared to lead-acid designs. See Figure 6-18. 


COST AVAILABILITY 


Captive electrolyte sintered plate 
Flooded electrolyte pocket plate 


high 
high 


very good 
limited 


* Nickel-Cadmium Battery Characteristics 
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DEEP CYCLE TEMPERATURE 


MAINTENANCE 


PERFORMANCE TOLERANCE 
good good none 
good excellent medium 


Figure 6-18. Two types of nickel-cadmium batteries have different performance characteristics. 


A nickel-cadmium cell consists of positive 
plates of nickel hydroxide (NiO(OH)) and 
negative plates of cadmium (Cd), immersed 
in an alkaline potassium hydroxide (KOH) 
electrolyte solution. The concentration, and 
therefore the specific gravity, of the electrolyte 
does not change during discharging or charg- 
ing reactions. 

The nominal voltage for a Ni-Cd cell is 
1.2 V, requiring 10 Ni-Cd cells to be configured 
in series for a nominal 12 V battery. The volt- 
age of a Ni-Cd cell remains relatively stable 
until the cell is almost completely discharged, 
then drops off dramatically. Ni-Cd batteries 
can accept charge rates as high as C/1, and are 
tolerant of continuous overcharge up to a C/15 
rate. Two primary types of Ni-Cd batteries are 
sintered plate and pocket plate batteries. 


Sintered Plate Ni-Cd Batteries. Sintered 
plate Ni-Cd batteries are made by heat- 
processing active materials and rolling them 
into a cylindrical metallic case. The electro- 
lyte is immobilized, preventing leakage and 
allowing operation in any orientation. These 
batteries are commonly used in consumer 
electronic devices. The main disadvantage of 
sintered plate designs is the memory effect, in 
which a battery that is repeatedly discharged 
to only a percentage of its rated capacity will 
eventually *memorize" this cycle pattern and 
limit further discharge, resulting in loss of ca- 
pacity. In some cases, the memory effect can 
be partially reversed, regaining some capacity, 
by conducting special charge and discharge 
cycles. However, sintered plate Ni-Cd batteries 
are not recommended for PV applications. 


Pocket Plate Ni-Cd Batteries. Pocket plate 
Ni-Cd batteries are large flooded batteries 


lead-acid batteries, and they do not experience 
the memory effect associated with sintered 
plate batteries, so they are suitable for use in 
PV systems. Similar to flooded lead-acid de- 
signs, these batteries require periodic water ad- 
ditions. The main disadvantage of pocket plate 
Ni-Cd batteries 1s high initial cost. However, 
because of their long lifetimes, the life cycle 
cost can be the lowest among the battery types 
for PV applications. 


BATTERY SYSTEMS 


Battery selection and system design involves 
many decisions and compromises. Choosing 
the best battery for a PV application depends 
on many factors and involves a careful review 
of the battery specifications with respect to the 
particular application needs. Some decisions 
on battery selection may be easy to make, such 
as required capacity, physical properties, and 
cost, while other decisions are much more 
difficult and involve compromises between 
desirable and undesirable battery features. 


Battery Selection 


Each battery type has design and performance 
features suited for particular applications. Sys- 
tem designers must consider the advantages and 
disadvantages of different battery types with 
respect to the requirements of a particular sys- 
tem. Considerations include lifetime, deep cycle 
performance, tolerance to high temperatures 
and overcharge, and maintenance requirements. 
See Figure 6-19. Batteries of different types or 
ages should not be mixed in the same bank. 


Flame arrestor vent caps absorb much of the vented flammable 


available in capacities up to and over 1000 Ah. 
These batteries can withstand deep discharges 
and temperature extremes much better than 


gas in a charcoal filter. These vent caps also help to prevent cell 
explosions by isolating cells from outside ignition sources. 
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Ó < Battery Safety 


Batteries are potentially dangerous because they contain hazardous materials and chemicals and store a large 


6 amount of electrical energy. Depending on the battery system, certain safety precautions are required. 


Rx 


When maintaining batteries, personnel should wear protective clothing such as aprons, ventilation masks, goggles 


or face shields, and gloves to protect from acid spills or splashes and fumes. Safety showers and eyewashes may 
be required if batteries are located close to personnel. A fire extinguisher should be located in close proximity to 
the battery area. In some applications, automated fire sprinkler systems may be required for safety and to protect 
facilities and expensive load equipment. OSHA regulations, building codes, and other applicable standards must 
be consulted before installing battery systems. 


Electrical Hazards 
Batteries can deliver extremely high short-circuit currents, as high as several thousand amperes for moderate-size 
battery banks. These currents can cause severe electrical burns and can weld tools and other metallic equipment in 
the circuit. High-voltage battery banks must be isolated into lower-voltage segments for service and maintenance. 
To reduce the potential for short circuits, live battery terminals must be protected with plastic or rubber cov- 
ers. When covers are removed for battery maintenance, service personnel should not wear any watches, rings, 
bracelets, or other jewelry that could potentially come into contact with the battery terminals. All tools used around 
batteries should have insulated handles to prevent electrical contact. 


Electrolyte Hazards 

The electrolyte in lead-acid batteries contains sulfuric acid, which is highly caustic and can destroy clothing and 
burn skin. For these reasons, protective clothing such as rubber or plastic aprons and face shields should be worn 
when working with batteries. To neutralize sulfuric acid spills or splashes on clothing, the spill should be rinsed 
immediately with a solution of baking soda or household ammonia and water. In nickel-cadmium batteries, the 
electrolyte is a potassium hydroxide solution that can be neutralized with a mixture of vinegar and water. 

If electrolyte is accidentally splashed in the eyes, the eyes should be forced open and flooded with cool, clean 
water for fifteen minutes. If acid electrolyte is ingested, large quantities of water or milk should be drunk, followed 
by milk of magnesia, beaten eggs, or vegetable oil. A physician should be called immediately. 

When preparing an electrolyte solution from concentrated acid and water, the acid should always be poured 
slowly into the water while mixing. The water should never be poured into the acid. Appropriate nonmetallic fun- 
nels and containers should be used when mixing and transferring electrolyte solutions. 


Explosion Hazards 
During charging, batteries may produce explosive mixtures of hydrogen and oxygen gases that may be present 
for several hours after charging. Keep sparks, flames, burning cigarettes, or other ignition sources away from 
batteries at all times. Active or passive ventilation techniques are suggested and often required, depending on 
the number of batteries located in an enclosure and their gassing characteristics. The use of battery vent caps 
with a flame arrester feature lowers the possibility of a catastrophic battery explosion. Improper charging and 
excessive overcharging may increase the possibility of battery explosions. 

Batteries should never be connected or disconnected at the terminals while under load. This can cause arcing, 
which could cause a battery explosion. All loads and charging sources should be disconnected at points away 
from the batteries before servicing. 
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Battery Banks 


A battery bank is a group of batteries 
connected together with series and parallel 
connections to provide a specific voltage and 
capacity. Battery banks can be configured to 
produce many different voltages. Required 
battery bank voltage is often determined by 
load or inverter input voltage requirements. 
Most PV systems with batteries operate at 


12 V, 24 V, or 48 V. For larger loads, it is recom- 
mended to use a higher voltage, which lowers 
the system currents. For example, a 120 W 
DC load operating from a 12 V battery draws 
10 A, but when operating from a 24 V battery, a 
similar 120W load draws only 5 A. Lower system 
current reduces the size and cost of conductors, 
fuses, disconnects, and other current-handling 
components in the PV system. 


* Battery Selection Criteria 


SYSTEM REQUIREMENTS 


System configuration 
Discharge current 

Daily depth of discharge 
Autonomy 

Accessibility 
Temperature 


BATTERY CHARACTERISTICS 


Energy storage density 
Sealed or unsealed 
Allowable depth of discharge 
Charging characteristics 

Life cycles 

Electrolyte specific gravity 
Freezing susceptibility 
Sulfation susceptibility 
Gassing characteristics 
Seif-discharge rate 
Maintenance requirements 
Size and weight 

Terminal configuration 
Auxiliary hardware availability 
Manufacturer reputation 
Cost 

Warranty 


Figure 6-19. System requirements and character- 
istics of battery types must be considered when 
choosing a battery. 


Series Connections. Just like modules in an 
array, batteries are first connected in series by 
connecting the negative terminal of one battery 
to the positive terminal of the next battery, for 
as many batteries as are in the series string. 
Because there is only one path for the current 
to flow, the circuit current remains the same 
as the individual battery current. For batteries 
of similar capacity and voltage connected in 
series, the circuit voltage is the sum of the 
individual battery voltages, and the circuit 
capacity is the same as the capacity of the in- 
dividual batteries. See Figure 6-20. If batteries 
or cells with different capacities are connected 
in series, the capacity of the string is limited 
by the lowest-capacity battery. 


Parallel Connections. Batteries are connected 
in parallel by connecting all of the positive 
terminals together and all of the negative ter- 
minals together. Batteries connected in paral- 
lel provide more than one path for current to 
flow, so currents add together at the common 
connections. The current of the parallel circuit 
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is the sum of the currents from the individual 
batteries. The voltage across the circuit is 
the same as the voltage across the individual 
batteries, and the overall capacity is the sum 
of the capacities of each battery. See Figure 
6-21. Series strings of batteries can also be 
connected in parallel in the same way. 


TOTAL CAPACITY: 
100 Ah 


Figure 6-20. Connecting batteries in series increases system voltage. 


TOTAL CAPACITY: 


Figure 6-21. Connecting batteries in parallel increases system capacity. 


Pasted plates are flat grids covered by active material with a 
peanut butter-like consistency. The active material fills in the 
spaces between the ribs of the grid. Tubular plates consist of 


rows of thin vertical rods with active material plated around 


them, forming tubes. 
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Case Study | 


Baltimore Electrical JATC Training Center 


Location: Baltimore, MD (39.3°N, 76.7°W) 

Type of System: Utility-interactive with battery backup 
Peak Array Power: 960 W DC 

Date of installation: September 2004 

installers: Apprentices and journeymen 

Purposes: Training, supplemental electrical power 


The Baltimore Electrical JATC facility features a 
pre-engineered utility-interactive PV system with 
battery backup. The system includes eight utility- 
interconnected PV modules and a battery backup 
system. The system's four 12 V batteries supply 
power to the building during utility outages. 

Training was the primary purpose for installing 
the system. Almost ail of the electrical components 
are housed inside a rolling cabinet, facilitating dem- 
onstrations and instruction on the various parts. The 
cabinet includes the inverter, charge controller, bat- 
teries, breakers, disconnects, and other BOS com- 
ponents. By disconnecting the two main conductors, 
one for the DC power from the array and the other for 
AC power out to the building electrical system, the 
cabinet can be easily moved around for training. Baltimore Electrical JATC 

The batteries are housed in a ventilated section of Eight modules mounted on the roof supply supplemental power to 
the cabinet so that toxic and explosive gases cannot offset a portion of utility power. 
accumulate. Since the cabinet is located inside the 
building, the batteries remain close to room temperature. A temperature probe between the batteries helps 
the charge controller adjust charging operations as needed. Maintenance is minimal. 

The impact of the additional PV power on the facility's utility bills is currently small. However, the JATC 
is considering its options for a larger PV system in the future. The training and experience from the current 
system might then be applied to the future project to offset a more significant portion of their electricity use 
and reduce their dependence on the utility. 


Baltimore Electrical JATC Baltimore Electrical JATC 
Most of the electrical components are housed in a cabinet that The PV system includes four 12 V batteries connected in series to 
can be used for teaching purposes. supply power to the building in the event of a utility outage. 


It is generally recommended that batter- 
ies be connected in as few parallel strings as 
possible. Slig 'oltage dif Se 


within the system. The strings with the lowest 
circuit resistance will be exercised more than 
the strings of batteries with greater circuit 
resistance. The batteries in strings that receive 
less charge may begin to sulfate prematurely. 


- AL 


For PV systems with large capacity require- 
ments, larger batteries allow configurations of 
one series string rather than several parallel 
strings. When batteries must be configured in 
parallel, the connections between the battery 
bank and the PV power system should be made 
from opposite sides of the battery bank to im- 
prove the distribution of charge and discharge 
from the bank. See Figure 6-22. 


Enclosures 


Electrical codes and safety standards gener- 
ally require batteries to be installed in an 
enclosure separated from controls or other 
PV system components. Battery enclosures 
must be of sufficient size and strength to 
hold the batteries and can be located below 
ground if necessary to prevent freezing. If the 
enclosure is located above ground, shading or 
a reflective coating should be used to limit the 
direct exposure to sunlight. Avoiding extreme 
temperature swings improves battery perfor- 
mance, extends battery life, and decreases the 
need for maintenance. 

Large battery banks may be installed in 
dedicated battery rooms. Batteries may be 
installed on racks to secure thc batteries and 
provide added structural support. 

An enclosure may be insulated or may have 
cooling or heating mechanisms to protect batter- 
ies from extreme temperatures. Passive cooling 
enclosures reduce battery temperature without 
the use of active components such as motors, 
fans, or air conditioners. Active temperature reg- 
ulation requires electrical power, increasing the 
complexity, size, and cost of the PV system. 
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*- Batteries in Series and Parallel 


TOTAL CAPACITY: 
200 Ah 


Figure 6-22. Series and parallel connections can be combined to pro- 


duce a desired system voltage level and capacity. 


Racks. Battery racks must be made from rigid 
materials, either metallic or nonmetallic, that 
are resistant to deterioration from electrolyte. 
The parts directly contacting the batteries 
must be electrically insulated or made from 
nonconductive materials. Batteries must be 
arranged to provide sufficient working space 
for inspection and maintenance. 


Electrolyte Containment. Battery systems 
should include some means to contain electro- 
lyte in the event of a spill. Individual.batter- 
ies may have double-walled cases to contain 
electrolyte if the inner case is breached. Pans 
or trays underneath the batteries or liquid-tight 
battery bank enclosures also provide contain- 
ment in the event of a spill. 


Ventilation. Because batterics can produce 
toxic, corrosive, and explosive mixtures of 
gases, ventilation of the battery enclosure is 
usually required. For small battery systems 
charged at low rates, accumulation of gases 
is minimal, and natural ventilation may be 
adequate. When propcrly regulated, VRLA 
batteries may not require special ventilation 
and may even be used indoors. Otherwise, fans 
can be used to provide mechanical ventilation. 
Under no circumstances should batteries be 
kept in an unventilated area or located in an 
area accessible to unqualified persons. 
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Overcurrent Protection and 
Disconnects 


Like any other electrical system, battery sys- 
tems must have proper DC-rated overcurrent 
protection and disconnects to protect system 
conductors and to isolate the battery bank from 
the rest of the system for testing and mainte- 
nance. Batteries can deliver extremely high 
. f , MOT TE Co., "n. discharge currents, so overcurrent protection 
Batteries are connected together in series and parallel devices must have the appropriate interrupt- 
to form a battery bank. ing ratings. 


Refer to 
Quick Quiz® 
on CD-ROM 
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* Batteries are collections of electrochemical cells electrically connected together in series. 


* Electrochemical reactions produce a flow of electrons from the negative terminals to the positive terminals 
of a cell. 


* Physical factors affecting capacity include the quantity of active material; the number, design, and dimensions : 
of the plates; and the electrolyte concentration. 


* Operational factors affecting capacity include discharge rate, charging method, temperature, age, and condition 
of the cell or battery. 


* Discharging and charging rates are based on the amount of charge applied in one hour. 


* Charging is done by applying an electrical current to the cell or battery in a direction opposite to the discharge. 
In order for the battery to accept current, the voltage of the charging source must be higher than the battery 
voltage. 


* State of charge is the available capacity within a battery, while depth of discharge is the capacity that has 
been removed. 


* Bulk charging quickly charges a battery up to the regulation voltage, and absorption charging slowly com- 
pletes the charge. 


* Equalization is a controlled overcharge that ensures that each cell is fully charged. 

* Overcharging causes water in the electrolyte to form gases, which escape through cell vents. 
* Water lost from gassing of open-vent batteries must be replaced. 

* Water lost from gassing of sealed or captive-electrolyte batteries cannot be replenished. 


* Temperature can have significant effects on capacity, electrolyte specific gravity, self-discharge, gassing 
voltage, voltage setpoints, and battery life. 


* The concentration, or specific gravity, of the electrolyte can indicate state of charge and the general health 
of a cell. 


* Sulfation and stratification are common battery problems that can decrease battery performance and life. 
* Uncontrolled discharging and charging can result in loss of battery capacity and life. 


* The most common batteries used for PV applications are traction batteries. 
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* Electrolyte can be in a free-flowing liquid form (flooded) or an immobilized form (captive). 
* Lead-acid batteries are highly suitable for most PV applications but usually require a lot of maintenance. 


* Somenickel-cadmium batteries are suitable for most PV applications and have good temperature tolerance 
but can be expensive and difficult to obtain. 


* Required battery bank voltage is often determined by load or inverter input voltage requirements. Most 
PV systems with batteries operate at 12 V, 24 V, or 48 V. 


* Batteries can be connected in series and parallel combinations to produce a desired system voltage level 
and capacity. 


* [tis generally recommended that batteries be connected in as few parallel strings as possible. 


* Electrical codes and safety standards generally require batteries to be installed in an enclosure separated 
from controls or other PV system components. 


Definitions 
e A battery isa collection of electrochemical cells that are contained in the same case and connected together 
electrically to produce a desired voltage. 


e A battery cell is the basic unit in a battery that stores electrical energy in chemical bonds and delivers this 
energy through chemical reactions. 


e Steady-state is an open-circuit condition where essentially no electrical or chemical changes are occurring. 
e The open-circuit voltage is the voltage of a battery or cell when it is at steady-state. 
* Capacity is the measure of the electrical energy storage potential of a cell or battery. 


e Discharging is the process of a cell or battery converting chemical energy to electrical energy and 
delivering current. 


e The cutoff voltage is the minimum battery voltage specified by the manufacturer that establishes the bat- 
tery capacity at a specific discharge rate. 


e The state of charge (SOC) is the percentage of energy remaining in a battery compared to the fully 
charged capacity. 

e Depth of discharge (DOD) is the percentage of withdrawn energy in a battery compared to the fully 
charged capacity. 

e The allowable depth of discharge is the maximum percentage of total capacity that is permitted to be 
withdrawn from a battery. 

e The average daily depth of discharge is the average percentage of the total capacity that is withdrawn 
from a battery each day. 
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* Autonomy is the amount of time a fully charged battery system can supply power to system loads without 
further charging. 


* Self-discharge is the gradual reduction in the state of charge of a battery while at steady-state condition. 
* Acycle is a battery discharge followed by a charge. 


* Charging is the process of a cell or battery receiving current and converting the electrical energy into 
chemical energy. 


* Thegassing voltage is the voltage level at which battery gassing begins. 


* Bulk charging is battery charging at a relatively high charge rate that charges the battery up to a regulation 
voltage, resulting in a state of charge of about 80% to 90%. 


* Absorption charging is battery charging following bulk charging that reduces the charge current to maintain the 
battery voltage at a regulation voltage for a certain period. 


* Float charging is battery charging at a low charge rate that maintains full battery charge by counteracting 
self-discharge. 


* Equalizing charging is current-limited battery charging to a voltage higher than the bulk charging voltage, 
which brings each cell to a full state of charge. 


* Gassing is the decomposition of water into hydrogen and oxygen gases as a battery charges. 
* Overcharge is the ratio of applied charge to the resulting increase in battery charge. 

* Specific gravity is the ratio of the density of a substance to the density of water. 

* Sulfation is the growth of lead sulfate crystals on the positive plate of a lead-acid cell. 


* Stratification is a condition of flooded lead-acid cells in which the specific gravity of the electrolyte is greater 
at the bottom than at the top. 


* Aprimary battery is a battery that can store and deliver electrical energy but cannot be recharged. 


* Asecondary battery is a battery that can store and deliver electrical energy and can be charged by passing 
a current through it in an opposite direction to the discharge current. 


e A traction battery is a class of battery designed for repeated deep-discharge cycle service. 


* A starting, lighting, and ignition (SLI) battery is a class of battery designed primarily for shailow- 
discharge cycle service. 


* Astationary battery is a class of battery designed for occasional deep-discharge limited-cycle service. 
* Flooded electrolyte is electrolyte in the form of a liquid. 


* Acatalytic recombination cap (CRC) is a vent cap that reduces electrolyte loss from an open-vent flooded 
battery by recombining vented gases into water. 


* A catalyst is a substance that causes other substances to chemically react but does not participate in the reaction. 
* Captive electrolyte is electrolyte that is immobilized. 


* A hybrid battery is a battery that uses a combination of plate designs to maximize the desirable characteristics 
of each. 


* A battery bank is a group of batteries connected together with series and parallel connections to provide a 
specific voltage and capacity. 
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Review Questions 


. What is the difference between a battery and a cell? 


. Describe the chemical reactions that take place when a load or conductor is connected to the positive and 


negative terminals of a battery. 


. What factors affect the capacity of a cell or battery? 
. Explain the relationships between electrolyte specific gravity, freezing point, and state of charge (SOC). 
. Why are traction batteries ideal for most PV applications? 


. What are some relative advantages and disadvantages of captive-electrolyte batteries? 


How does average daily DOD affect autonomy? 


. How does discharge rate affect battery capacity? 


. How can series and parallel connections be used to design a battery system with a specific voltage and 


capacity? 
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Chapter Objectives 


* 


Identify the principal functions and features of charge controllers. 

Define charge regulation and load control setpoints. 

Explain how temperature compensation affects setpoints. 

Differentiate between various types of charge controller algorithms and switching designs. 
Understand the impacts of control algorithms and setpoints on system and battery performance. 
Identify concerns and requirements for charge controller applications and installation. 

Identify the requirements for PV systems operating without charge control. 
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CHARGE CONTROLLER 
FEATURES 


A charge controller is a device that regulates 
battery charge by controlling the charging volt- 
age and/or current from a DC power source, 
such as a PV array. A charge controller in a 
PV system maintains a battery at its high- 
est possible state of charge while protecting 
the battery from overcharge by the array and 
overdischarge by system loads. This maxi- 
mizes available battery capacity and cycle life. 
However, charge controllers alone cannot 
ensure that a battery receives a full charge. 
The array must be large enough to adequately 
supply the load and charge the batteries during 
periods of low insolation. 

Charge controllers orchestrate the interac- 
tion between major PV system components. 
They manage energy flow between the array, 
battery bank, and electrical loads. After system 
sizing, charge controllers have the greatest 
impact on overall system performance. See 
Figure 7-1. Some charge controllers also 
include load control and other energy manage- 
ment features, and may indicate system status 
through LEDs or LCD displays. 


PV ARRAY 


Charge controllers are characterized by 
their means and methods of charge regulation 
and the battery conditions (setpoints) used 
to trigger charge control functions. Charge 
controllers are rated for specific voltage and 
current levels. Many include a number of 
additional features and functions to control 
system loads, display and record system data, 
indicate system operational status, or otherwise 
enhance the ability to manage and optimize the 
performance of the system. 


Battery Charging 

Charge controllers manage the array current 
delivered to a battery, and consequently affect 
the way a battery accepts charge. Charge ac- 
ceptance is the ratio of the increase in battery 
charge to the amount of charge supplied to 
the battery. Charge acceptance is also known 
as charge efficiency. For example, if a charge 
cycle delivers 60 Ah in order to gain 54 Ah of 
additional battery charge, the charge acceptance 
is 90% (54 Ah + 60 Ah = 0.90 or 90%). Since a 
given amount of capacity always requires more 
charge to overcorne losses and inefficiencies, 
charge acceptance is always less than 10096. 
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Figure 7-1. Charge controllers manage interactions and energy flows between a PV array, battery 


bank, and electrical load. 


Charge controller designs use various 
methods to regulate current and voltage dur- 
ing battery charging. Single-stage charging 
processes are simpler, but relatively inefficient. 
Multistage charging changes the applied volt- 
age and/or current in steps to bring the battery 
to a higher state of charge. This process is more 
sophisticated, requiring additional electronics, 
but it greatly improves charge acceptance. See 
Figure 7-2. Multistage methods can charge 
batteries faster and limit excessive overcharge 
and gassing. 

Overcharge 1s the ratio of applied charge to 
the resulting increase in battery charge. For ex- 
ample, a battery that accepts 60 Ah and regains 
54 Ah of charge receives an overcharge of 111% 
(60 Ah + 54 Ah = 1.11 or 111%). Overcharge 
is the inverse of charge acceptance. 
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The amount of overcharge required de- 
pends on the type of battery and its condition 
and state of charge. It also depends on the rate 
and manner in which charge is delivered to 
the battery, which is governed by the charge 
controller. Charge acceptance is generally 
greater than 90% for most batteries at normal 
charge rates up to about 90% state of charge. 
Then it decreases significantly due to internal 
losses as the battery reaches full charge. Cor- 
respondingly, a higher overcharge is required 
to return a battery to full state of charge from 
a shallow depth of discharge than from a 
greater depth of discharge. During the final 
stages of charging, some of the current sup- 
plied to the battery is consumed by gassing 
and other internal battery losses, lowering 
charge efficiency. 


s: Overcharge Conditions 


It should be noted that the term "overcharge" 
may be used to describe two different con- 
ditions of battery charging. First, normal 
charging requires that more charge be ap- 
plied to the battery than the expected gain 
in state of charge. This type of overcharge 
is necessary because some of the charge 
is lost through various battery inefficiencies 
and gassing. As an analogy, imagine a cup 
with a small hole at the bottom. As water is 
poured in (charging), a small amount leaks 
out (losses). Ultimately, the amount of water 
in the cup (state of charge) is slightly less 
than the amount of water that was poured 
in (applied charge). Therefore, a little extra 
water (overcharge) is needed to reach a 
certain level. 

The second definition of overcharge 
applies to batteries that are already fully 
charged. When the water level reaches 
the top of the cup (full charge), the pouring 
(charging current) should be stopped or 
reduced to a very small amount. (A very 
small charging current replaces the charge 
lost through self-discharge.) If the pouring 
(current) is not stopped or reduced, the cup 
will overflow (overcharge). This overcharge 
results in excessive gassing and can dam- 
age the battery. 
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Figure 7-2. Single-stage battery charging is 
simpler, but multistage battery charging brings 
batteries to a higher state of charge. 


Array switching can be done on either the positive or nega- 
tive leg of the array circuit. However, charge controllers that 


Switch the negative leg may not be grounded to the negative 
leg, which can affect controller regulation functions. 


Undercharged batteries are a major cause 
of PV system failures and inability to meet 
system loads. Deficit charge is a charge cycle in 
which less charge is returned to a battery bank 
than what was withdrawn on discharge. Deficit 
charge can occur in PV systems during periods 
of low insolation and high load, particularly 
for marginally sized systems. It may also be 
caused by the regulation voltage being set too 


low on the charge controller. In properly sized 
systems, deficit charge should be recoverable 
when insolation and load conditions return to 
normal. However, if lead-acid batteries expe- 
rience repeated deficit charge cycles and are 
left at partial state of charge for long periods, 
they will become progressively more difficult 
to charge due to sulfation and/or stratification. 
When charged, voltage will rise more quickly 
in batteries with sulfation or stratification than 
in normal batteries, falsely indicating a high 
state of charge. Recovery from this condition 
can sometimes be accomplished by an equal- 
ization charge. 


Overcharge Protection 


During high insolation periods, energy gener- 
ated by an array may exceed the electrical load 
demand. The excess may charge a battery, but 
if itis already at a high state of charge, then the 
charging current must be carefully controlled to 
avoid overcharging. In this case, overcharge is 
the condition of a fully charged battery continu- 
ing to receive a significant charging current. A 
charge controller protects a battery from over- 
charge through charge regulation. This involves 
either interrupting or limiting the current flow 
from the array when the battery approaches a 
full state of charge. See Figure 7-3. 

Active means of overcharge protection are 
required for most PV systems using batteries. 
According to the NEC®, any PV system employ- 
ing batteries shall have equipment to control the 
charging process unless the maximum array 
charge current multiplied by one hour is less 
than 3% of the rated battery capacity in ampere- 
hours. This equates to a charge rate of C/33. 
For example, a 100 Ah battery requires charge 
control if the maximum array charging current 
exceeds 3 A. 

Without charge control, the current from the 
array will flow into a battery proportionally to 
the irradiance. When a battery is fully charged, 
unregulated charging will cause the battery 
voltage to reach exceedingly high levels, caus- 
ing severe gassing, electrolyte loss, internal 
heating, and accelerated grid corrosion. If a 
battery is not protected from overcharge, it will 
likely lose capacity and fail prematurely. 
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Figure 7-3. Charge controllers protect batteries from overcharge by terminating or limiting charging 


current. 


Overdischarge Protection 


During periods of low insolation or excessive 
load demand, a marginally sized array may 
not produce sufficient energy to charge the 
battery. Overdischarge is the condition of a 
battery state of charge declining to the point 
where it can no longer supply discharge cur- 
rent at a sufficient voltage without damaging 
the battery. 

A charge controller protects a battery from 
overdischarge through load control, disconnect- 
ing electrical loads when the battery reaches a 
low voltage (low state of charge) condition. See 
Figure 7-4. Overdischarge protection limits 
battery depth of discharge and prevents damage 
to the battery. Since some loads will operate 
improperly, or not at all, at lower than normal 
voltages, this feature also protects them. Under 
cold conditions, overdischarge protection also 
prevents a battery from freezing. Once the bat- 
tery is charged to a certain level, the loads are 
reconnected to the battery. 

Some controllers combine the charge 
regulation and load control functions in order 


to protect batteries from both overcharge and 
overdischarge, while others have only one 
function. Also, these charge and discharge 
functions can be combined with other electri- 
cal components, such as inverters, to form mul- 
tifunction power conditioning units (PCUs). 


Status Information 


Most charge controllers provide information 
on the operational state of the system. For 
charge regulation, this may include digital 
displays or LED lights to indicate when the 
battery is charging and when it reaches full 
charge. Other indicators may be used to alert 
operators of a low battery voltage or low state 
of charge condition, such as a red light or an 
audible alarm. See Figure 7-5. More advanced 
controllers may include meters to monitor bat- 
tery and array currents and voltages or track 
the amount of energy supplied to and from a 
battery. This system status information can be 
extremely useful for improving load manage- 
ment and optimizing system performance. 
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Figure 7-4. Charge controllers protect batteries from overdischarge by disconnecting loads at low bat- 


tery voltage. 
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Figure 7-5. Most charge controllers include dis- 
plays or LEDs to indicate battery voltage, state of 
charge, and/or present operating mode. 


In small PV systems, the charge controller may also simplify 
wiring by providing conductor termination points for the ar- 


ray, battery, and load circuits. Most charge controllers have 
easy-to use screw terminals for making connections. 


Circuit Protection 


Some charge controllers incorporate features 
to protect the unit or loads from damage due 
to high currents or improper wiring, such as 
reversed array or battery polarity. Overcurrent 
devices, such as a fuse or circuit breaker, pro- 
tect the controller from array or load currents 
significantly higher than its rating. 

Some controllers also protect system loads 
by sensing when the battery is disconnected 
and then disconnecting the array, preventing 
potentially high array open-circuit voltages 
or unregulated currents from damaging the 
loads. 


Advanced Load Control 


Charge controllers also may provide other load 
control functions besides battery overdischarge 
protection. For example, charge controllers in 
PV lighting systems may activate and control 
the lighting load based on ambient light con- 
ditions or time of day. The array can operate 
as a light sensor, indicating nighttime condi- 
tions when the controller measures the array 
current or voltage drop to a preset low level. 
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Alternatively, clocks or timers integrated into 
charge controllers can activate loads for pre- 
scribed periods. 


CHARGE CONTROLLER TYPES 


Charge controllers are characterized by 
the way they regulate charging current to 
a battery. A charge control algorithm is a 
programmed series of functions that a charge 
controller uses to control current and/or 
voltage in order to maintain battery state of 
charge. Charge controllers use a variety of 
algorithms and switching methods to provide 
charge regulation. In conjunction with the 
charge control setpoints, these algorithms 
are selected or modified to optimize battery 
charging, array energy utilization, load avail- 
ability, and overall system performance. 

Most charge controllers use solid-state 
switching elements, typically transistors. 
An interrupting-type charge controller is a 
charge controller that switches the charging 
current ON and OFF for charge regulation. 
Interrupting-type charge controllers are 
simple designs, but not widely used in PV 
systems. Since the array current is switched 
abrubtly, they have difficulty avoiding exces- 
sive overcharge and are best used with the 
more tolerant flooded, open-vent batteries. 
A linear-type charge controller is a charge 
controller that limits the charging current in 
a linear or gradual manner with high-speed 
switching or linear control. Linear-type 
charge controllers provide a more consis- 
tent charging process, so they can generally 
charge batteries more efficiently and faster. 
Linear-type controllers are compatible with 
more types of batteries. 


Shunt Charge Controllers 


Unlike batteries, PV devices are current- 
limited by nature, so PV modules and arrays 
can be short-circuited without any harm. A 
shunt charge controller is a charge control- 
ler that limits charging current to a battery 
system by short-circuiting the array. The ar- 
ray is short-circuited through a shunt element 
inside the charge controller, moving the array's 


operating point on the I-V curve very near the 
short-circuit condition and limiting the power 
output. AII shunt controllers must also include 
a blocking diode in series between the battery 
and the shunt element to prevent the battery 
from short-circuiting. See Figure 7-6. 

Because there is some voltage drop through 
the shunt element and blocking diode, the array 
is never completely short-circuited, resulting in 
some power dissipation within the controller. 
For this reason, most shunt controllers include 
a heat sink to dissipate power and are generally 
limited to array source circuits with currents 
of 20 A or less. 


Shunt-Interrupting Charge Controllers. 
A shunt-interrupting charge controller is a 
charge controller that suspends charging cur- 
rent to a battery system by completely short- 
circuiting the array. When the battery voltage 
falls, the controller reconnects the array to 
resume charging the battery. This ON/OFF 
cycling of the array current may occur once 
over a period of several minutes, but at higher 
charge rates and as the battery approaches full 
state of charge, the cycling may occur every 
few seconds. 


Shunt-Linear Charge Controllers. A shunt- 
linear charge controller is a charge controller 
that limits charging current to a battery sys- 
tem by gradually lowering the resistance of a 
shunt element through which excess current 
flows. When the battery state of charge and 
array current are high enough during the day, 
a shunt-linear controller maintains the battery 
at the regulation voltage. In some designs, a 
comparator circuit in the controller monitors 
the battery voltage, and makes corresponding 
adjustments to the resistance of the shunt ele- 
ment to regulate array current. A Zener power 
diode can also be used for simple shunt-linear 
designs. 


Shunt charge controllers are so named because they divert 
array current to a parallel (or shunt) path when charge regula- 
tion is required. This is the same as short-circuiting the array. 


Although most electrical power sources are extremely dan- 
gerous to short circuit, it can be done safely with PV devices 
because they are inherently current-limited. 


"Tes 
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Series Charge Controllers 

A series charge controller is a charge control- 
ler that limits charging current to a battery 
system by open-circuiting the array. As the 
battery reaches full state of charge, a switch- 
ing element inside the controller opens, 


*- Shunt Charge Controllers 
ARRAY 


moving the array's operating point on the 
I-V curve to the open-circuit condition and 
limiting the power output. This method works 
in series between the array and battery, rather 
than in parallel as for the shunt controller. 
See Figure 7-7. 
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Figure 7-6. Shunt charge controllers regulate charging current by short-circuiting the array. 
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Figure 7-7. Series charge controllers regulate charging current by opening the circuit from the array. 
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Because a series controller open-circuits 
rather than short-circuits the array, as in a 
shunt-controller, no blocking diode is needed 
to prevent the battery from short-circuiting 
when the controller regulates. Since no block- 
ing diode is used, most series controllers open 
the circuit between the array and battery at 
nighttime to prevent reverse current losses 
from the battery through the array. 


Series-Interrupting Charge Controllers. 
A series-interrupting charge controller is a 
charge controller that completely open-circuits 
the array, suspending current flow into the 
battery. When the battery voltage falls, the 
controller closes the series switching element 
to reconnect the array and resume charging the 
battery. Similar to shunt-interrupting charge 
controllers, the rate of the ON/OFF cycling 
is dependent on charge rate and battery state 
of charge. 


Series-Linear Charge Controllers. A series- 
linear charge controller is a charge controller 
that limits charging current to a battery system 
by gradually increasing the resistance of a 
series element. This limits current flow into 
the battery and maintains the battery at the 
voltage regulation setpoint (as long as array 
current is sufficiently high). The series regula- 
tion element acts like a variable resistor and 
loads the array at lower current and power 
levels by operating the array to the right of the 
maximum power point of its I-V curve. Since 
series-linear controllers also dissipate power, 
they generally require a heat sink. 


Series-Interrupting, Pulse-Width- 
Modulated (PWM) Charge Controllers. A 
series-interrupting, pulse-width-modulated 
(PWM) charge controller is a charge control- 
ler that simulates a variable charging current 
by switching a series element ON and OFF 
at high frequency and for variable lengths of 
time. A PWM charge controller pulses the full 
charging current and varies the width of the 
pulses to regulate the amount of charge cur- 
rent flowing into the battery. See Figure 7-8. 
The frequency of the pulses is several hundred 
hertz and the pulses may last only a couple 
of milliseconds. When the battery is partially 
charged, the current pulse is essentially ON 


all the time. To simulate a lower charging 
current as the voltage rises, the pulse width is 
decreased. For example, if the pulses switch 
the full charging current so that it is ON half 
the time and OFF half the time, the resulting 
current effectively simulates a charge current 
at 50% of the full current. 
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Figure 7-8. Pulse-width modulation (PWM) simulates a lower current 
level by pulsing a higher current level ON and OFF for short intervals. 


CHARGING 
CURRENT (A) 


0 


Pulse-width modulation can either convey information over 
a communications channel or control the amount of power 
sent to a load. Additional applications of PWM include motor 


controls, telecommunications, audio amplifiers and synthesiz- 
ers, light dimmers, and voltage regulators. 


Similar to the series-linear algorithm in 
performance, power dissipation within PVM 
controllers is considerably lower than for 
other interrupting-type designs. PWM charge 
controllers can be used with all battery types, 
and the controlled manner in which power is 
applied to the battery makes them especially 
preferred with sealed batteries. PWM charge 
controllers automatically adjust for varying 
battery charge acceptance over time, help 
prevent electrolyte stratification and sulfation, 
and minimize equalization requirements. 
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Maximum Power Point Tracking 
(MPPT) Charge Controllers 


Newer charge controllers incorporate the latest 
in power electronics and microprocessor con- 
trols to optimize system performance and allow 
greater flexibility in system design. A maximum 
power point tracking (MPPT) charge controller 
is a charge controller that operates the array 
at its maximum power point under a range of 
operating conditions, as well as regulates bat- 
tery charging. An MPPT circuit monitors array 
output and dynamically changes its resistance 
or input voltage to move the operating point 
on the array's I- V curve toward the maximum 
power point. See Figure 7-9. The power is then 
transformed by a DC-DC converter circuit into 
another voltage and current required by the load, 
in this case a battery. 
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Figure 7-9. Maximum power point tracking ma- 
nipulates the load or output voltage of an array in 
order to maintain operation at or near the maxi- 
mum power point under changing temperature 
and irradiance conditions. 


MPPT charge controllersimprove the battery- < 
charging performance of PV systems. For Xi 


example, a nominal 48 V battery bank is typi- 
cally charged by four 36-cell crystalline silicon 
modules connected in series to ensure adequate 
battery-charging voltage under the warmest of 
operating conditions. Under cool conditions, 
however, the maximum power voltage of this 
array may be higher than 65 V, while the battery 
voltage may be 50 V to 55 V during charging. 


Without MPPT control and DC-DC conver- 
sion, the array operates at the lower battery 
voltage, which is a potential power loss up to 
about 2096. MPPT charge controllers ensure 
the highest possible array power utilization, 
and ensure adequate battery-charging voltages 
under any condition and for a multitude of ar- 
ray and battery voltages. 


Diversionary Charge Controllers 


Since stand-alone PV systems are designed to 
supply power to the loads and charge the battery 
system under worst-case conditions, they often 
have excess energy available during periods of 
high insolation or low load. Conventional charge 
controllers waste this excess power by discon- 
necting or limiting array current. A diversionary 
charge controller is a charge controller that 
regulates charging current to a battery system 
by diverting excess power to an auxiliary load. 
Instead of wasting excess power, the auxiliary 
load provides a useful output with the diverted 
power. See Figure 7-10. 

The diversion load is an auxiliary load 
that is not a critical system load, but is always 
available to utilize the full array power in a use- 
ful way to protect a battery from overcharge. 
Examples of diversion loads include loads with 
inherent energy storage, such as resistance 
water heaters, and loads that are especially 
useful under high insolation, such as ventila- 
tion fans or irrigation pumps. The inverters in 
battery-based interactive PV systems are also 
considered diversion loads. 


Since constant availability of the diversion 


load cannot be guaranteed, the NEC? requires 


ee 
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Figure 7-10. Diversionary charge controllers regulate charging current by diverting excess power to 


an auxiliary load when batteries are fully charged. 


Hybrid System Controllers 


Since the PV array in hybrid systems is not 
sized to meet all the loads by itself, the aux- 
iliary energy sources are required to provide 
supplemental battery charging. A hybrid 
system controller is a controller with ad- 
vanced features for managing multiple energy 
sources. In many cases, hybrid system control 
functions are integrated into multifunction 
PCUs. See Figure 7-11. 

A principal feature of many hybrid con- 
trollers is the ability to start and control an 
engine generator. Battery voltage is typically 
used to control engine generator operation, 
though it can also be controlled based on time 
of day, load currents, or scheduled cycles of 
equalization charging or engine exercising. 
Once a condition requiring engine generator 
operation occurs, the controller automatically 
activates the engine starting circuit. For diesel 
engines, the controller warms the glow plugs 
for a short period prior to starting. To limit 
the wear and tear on the starter, the cranking 
time and the number of starting attempts can 
also be controlled. If the engine does not start 
quickly, the controller indicates this condition 
with an LED or an error message, suggesting 
that engine service is required. 


After the engine starts, the controller may 
allow a short warm-up period before the full 
load is connected. The engine generator may 
operate for a specific amount of time or until 
the battery voltage reaches a certain level, then 
shuts down until needed again. If the engine 
generator is not needed often, the controller 
runs a regular programmed exercise cycle. The 
exercise cycle operates the engine for a few 
minutes at a set interval, such as once a week, 
to keep it in good working order. 


DOE/NREL, Warren Gretz 
Hybrid systems can include any combination of alternative energy sources, such 
as a PV array and a wind turbine. 
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Figure 7-11. Controllers designed for hybrid PV systems must manage multiple current sources 


simultaneously. 


The operation of engine generators can 
be controlled to maximize the use of array 
energy and set preferred times of operation. 
For example, the engine generator may not 
be allowed to operate early in the day or at 
a high state of charge when it may cause the 
array controls to regulate. Also, it may not 
be desirable to have noisy engine generators 
operating at night. However, excessively high 
load currents or extremely low battery voltage 
may temporarily override these controls to 
permit battery charging or operation of loads 
directly from the generator. 


Ampere-Hour Integrating Charge 
Controllers 


Charge controllers can also regulate charge 
current based on parameters other than battery 
voltage. An ampere-hour integrating charge 
controller is a charge controller that counts the 
total amount of charge (in ampere-hours) into 
and out of a battery and regulates charging cur- 
rent based on a preset amount of overcharge. 
See Figure 7-12. For example, a lighting 


load may discharge 72 Ah from the bat- 
tery each night. To charge the battery, an 
ampere-hour charge controller set for 115% 
overcharge would allow 83 Ah (72 Ah x 
115% = 83 Ah) of charge to flow back into the 
battery before terminating charging. 
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Figure 7-12. Ampere-hour charge controllers 
track the cumulative number of ampere-hours 
applied to a battery bank and discontinue charg- 
ing at a preset total. 
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CHARGE CONTROLLER 
SETPOINTS 


A charge controller setpoint is a battery 
condition, commonly the voltage, at which 
a charge controller performs regulation or 
switching functions. Setpoints are associated 
with either charge regulation or load control. 
Charge controller setpoints define the range of 
permissible battery and system voltages. The 
setpoints greatly affect battery performance, 
life, and load availability, so their proper 
specification and adjustment is vital. Simple 
interrupting-type charge controllers use two 
basic setpoints for charge regulation and two 
basic setpoints for load control. Additional 
setpoints may be available on more advanced 
charge controllers. 


Charge Regulation Setpoints 


Optimal charge regulation setpoints ensure 
that the battery is maintained at the highest 
possible state of charge without overcharging 
and over a range of conditions. Two charge 
regulation setpoints rcgulate the charging 
function. A higher voltage setpoint is used to 
disconnect the array from charging the battery 
and a lower voltage setpoint is used to recon- 
nect the array and resume battery charging. 
See Figure 7-13. 
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Figure 7-13. Charge regulation setpoints are 
the voltage levels at which the charge controller 
interrupts or reconnects the charging current from 
the array to the battery bank. 


In small, stand-alone PV systems, such as an electronic sign, the charge 


controller is especially important. 


Voltage Regulation (VR) Setpoint. The volt- 
age regulation (VR) setpoint is the voltage that 
triggers the onset of battery charge regulation 
because it is the maximum voltage that a bat- 
tery is allowed to reach under normal operat- 
ing conditions. The VR setpoint may also be 
called the regulation voltage. When a battery 
reaches the VR setpoint, a controller will either 
discontinue or limit the array charge current to 
prevent overcharging the battery. For charge 
controllers that provide multistage charging, 
the VR setpoint defines the beginning of ab- 
sorption charge. 

The optimal VR setpoint depends on several 
faetors, especially the controller algorithm, tem- 
perature, and type of battery. See Figure 7-14. 
VR setpoints for PWM and linear-type charge 
controllers are generally lower than those for 
interrupting controllers because they are more 
efficient at charging. 

The VR setpoints used in PV systems are 
typically much higher than the regulation volt- 
ages recommended by battery manufacturers. 
This is because the battery must be charged 
within a limited time in a PV system (during 
sunlit hours), while battery manufacturers allow 
for the much longer charge times possible in 
other applications. If the VR setpoint in a typical 
PV system were set at the manufacturer’s rec- 
ommended regulation voltage, the batteries in 
most PV applications would never fully charge. 
A higher setpoint allows a battery to be charged 
in a shorter time, but must be low enough to 
avoid excessive overcharge and gassing. 
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x Typical Voltage Regulation Setpoints 


BATTERY TYPE 


INTERRUPTING-TYPE LINEAR- OR PWM-TYPE 
CHARGE CONTROLLER TROLLER 


er Nomina 


Flooded open-vent lead-acid 2.43 to 2.47 14.6 to 14.8 2.40 to 2.43 14.4 to 14.6 
Sealed valve-regulated lead-acid (VRLA) 2.37 to 2.40 14.2 to 14.4 2.33 to 2.37 14.0 to 14.2 
Flooded pocket plate nickel-cadmium 1.45 to 1.50 14.5 to 15.0 1.45 to 1.50 14.5 to 15.0 


Consult battery and charge controller manufacturer's literature to determine optimal regulation setpoints. 


* in V at 25°C 


Figure 7-14. The optimal voltage regulation setpoint depends on the types of battery and charge 


controller. 


Array Reconnect Voltage (ARV) Setpoint. 
For interrupting-type charge controllers, once 
the array current is disconnected at the voltage 
regulation setpoint, the battery voltage will 
begin to decrease. When the battery voltage 
decreases to a predefined voltage, the array is 
again reconnected to the battery and charging 
resumes. The array reconnect voltage (ARV) 
setpoint is the voltage at which an interrupting- 
type charge controller reconnects the array to 
the battery and resumes charging. 


Battery charging in PV systems is considered "opportunity 
charging" because a battery can be charged only during sunlit 
hours. Therefore, PV system charge controllers use differ- 


ent battery-charging setpoints than do conventional battery 
chargers that are connected to a constant power source, such 
as the utility. 


The array current cycles into the battery 
in an ON/OFF manner because it is discon- 
nected at the VR setpoint and reconnected at 
the ARV setpoint. As the battery is brought up 
to a higher state of charge, the duration of each 
cycle becomes shorter, and the array current 
remains disconnected from the battery for a 
longer time. 

Linear- and PWM-type charge controllers 
maintain a battery at the regulation voltage by 
reducing, rather than completely disconnect- 
ing, the charging current. The array current is 
controlled to hold the battery at the regulation 
voltage as it completes charging. Therefore, 
these charge controllers do not have a clearly 
definable ARV setpoint. 


Voltage Regulation Hysteresis (VRH). The 
voltage regulation hysteresis (VRH) is the 
voltage difference between the voltage regu- 
lation (VR) setpoint and the array reconnect 
voltage (ARV) setpoint. The VRH applies 
only to interrupting-type charge controllers. 
For example, a controller with a VR setpoint 
of 14.5 V and an ARV setpoint of 13.5 V has 
a voltage regulation hysteresis of 1.0 V. 

The VRH is vitally important to the perfor- 
mance of interrupting-type charge controllers. If 
the VRH is too large, the array current remains 
disconnected for long periods, wasting energy 
from the array and making it difficult to fully 
charge the battery. If the VRH is too small, the 
array will cycle ON and OFF rapidly, which 
limits the life of switching elements. 

The battery charge and discharge rates 
also affect the optimal VRH. Battery voltage 
changes much more quickly at high rates than 
at lower rates, suggesting a larger VRH value. 
In general, a smaller VRH is required for PV 
systems that do not have daytime loads to 
ensure the array remains charging a sufficient 
amount of time. Most interrupting-type con- 
trollers use VRH values between 0.4 V and 
1.4 V based on a nominal 12 V battery system. 
Since ARV setpoints do not apply to linear or 
PWM designs, VRH does not either. 


Load Control Setpoints 


Load control protects batteries from 
overdischarge by turning the load circuits ON 
and OFF as needed. See Figure 7-15. Load con- 
trol features are common on charge controllers, 
or may be added as a separate controller. 
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Figure 7-15. Load control setpoints are the volt- 
age levels at which the charge controller inter- 
rupts or reconnects the discharging current from 
the battery bank to the loads. 


BATTERY BANK VOLTAGE (V) 


Low-Voltage Disconnect (LVD) Setpoint. 
The low-voltage disconnect (LVD) setpoint is 
the voltage that triggers the disconnection of 
system loads to prevent battery overdischarge 
because it is the minimum voltage a battery 
is allowed to reach under normal operating 
conditions. At given system discharge rates, 
the LVD setpoint determines the battery's 
maximum allowable depth of discharge, which 
affects its life, available capacity, and electro- 
lyte freezing point. 

Load disconnect circuits typically use 
solid-state switches, but since disconnects 
occur considerably less frequently in PV 
systems than charge regulation cycles, simple 
electromechanical relays are sometimes used. 
If the load current exceeds the rating of the 
controller's switching element, higher-rated 
auxiliary relays may be activated by the prima- 
ry control relay to handle the full load current. 
Many charge controllers also have a visual or 
audible signal to alert system operators of the 
low voltage disconnect condition. 

Load disconnections should generally be 
infrequent in most PV systems. Proper sizing 
of the battery and array to meet the loads are 
keys to minimizing load disconnections. Ifa 
load disconnect event occurs in a marginally 
sized system, many days or weeks may be 
required to fully charge the battery. 
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The LVD setpoint involves a tradeoff be- 
tween battery life and load availability. Discon- 
necting loads from a battery at a voltage that 
is too low results in excessively deep battery 
discharges and limits battery life, but improves 
load availability in the short-term. However, 
disconnecting loads at too high a voltage 
protects the battery better, but sacrifices load 
availability during low insolation periods. 

In general, the LVD setpoint in PV systems 
is selected to discharge deep-cycle batteries to 
no more than 75% to 80% depth of discharge, 
based on their rated capacity. Typical LVD 
setpoint values used for nominal 12 V lead- 
acid batteries at discharge rates lower than 
C/30 are between 11.2 V and 11.5 V. High 
discharge rates require a lower LVD setpoint 
to achieve the same depth of discharge. For 
shallow-cycle batteries, such as SLI batter- 
ies, or batteries that are subjected to freezing 
temperatures, a higher LVD setpoint should be 
used to limit the depth of discharge. 


Load Reconnect Voltage (LRV) Setpoint. 
The load reconnect voltage (LRV) setpoint is 
the voltage at which a charge controller recon- 
nects loads to the battery system. After the 
controller disconnects the load from the battery 
at the LVD setpoint, the battery voltage rises 
quickly, then more gradually until its open- 
circuit voltage is reached. As additional charge 
is provided by the array or another source, the 
battery voltage rises even more. When a con- 
troller senses the battery has reached the LRV, 
the load is reconnected to the battery. 

The LRV setpoint also affects battery health 
and load availability, and defines the state of 
charge at which loads are reconnected to the 
battery. The LRV setpoint should be high 
enough to ensure the battery has been some- 
what charged before reconnecting the loads, 
but low enough so that loads do not remain 
disconnected for unreasonably long periods. 
Some controller designs “lock out” loads until 
the next day or when the controller senses that 
the array is again charging the battery. This 
prevents the unwanted condition of multiple 
load disconnects and reconnects occurring in 
one evening, for example, in a PV lighting 
system. 
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.. Critical Loads 


Some PV systems powering loads of varying importance use multiple LVD setpoints and 
load controls to disconnect loads at progressively lower battery voltages. This preserves 
battery charge for the most important loads. A noncritical load is disconnected from the 
battery system by the charge controller at a higher LVD setpoint to retain some useful bat- 
tery charge for critical loads. A critical load is connected to power for as long as possible, 
perhaps even past the normal low-voltage load disconnect point. 

A load controller may have separate connections for loads of different priorities, each 
with different LVD setpoints, or an extremely critical load may be connected directly to the 
battery system so it cannot be disconnected. However, even critical loads will operate only 
until the battery system completely discharges. Complete discharge can damage the bat- 
teries, so these systems must be carefully designed and operated. 

For example, a PV lighting system with several independent lighting fixtures may protect a 
battery from severe discharges by disconnecting some of the lighting loads when the battery 
reaches a certain depth of discharge, reducing lighting levels instead of disconnecting the 
entire system. Multiple load disconnect setpoints are sometimes used for remote medical 
clinics where vaccine refrigerators are the most critical loads and are set to disconnect at 
a battery depth of discharge greater than 9096, where noncritical loads are disconnected 
at a much higher setpoint and state of charge. 
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LRV setpoints used in small PV systems 
vary between 12.5 V and 13.0 V (at 25?C) for 
most nominal 12 V lead-acid batteries. Under 
typical charge and discharge rates in PV sys- 
tems, this ensures that the battery reaches 2596 
to 50% state of charge before the load is recon- 
nected. Systems with dynamic loads or with 
very high charge or discharge currents may use 
different setpoints to tailor the settings to the 
desired battery and load performance. 


Morningstar Corp. 
Dedicated lighting controllers include settings for when a lighting load should 
be turned ON and OFF. 


Low-Voltage Disconnect Hysteresis (LVDH). 
The low-voltage disconnect hysteresis (LVDH) 
is the voltage difference between the low- 
voltage disconnect (LVD) and load reconnect 
voltage (LRV) setpoints. If the LVDH is too 
small, the load may cycle ON and OFF rapidly 
at low battery state of charge, possibly damag- 
ing the load or control elements, and extending 
the time it takes to fully charge the battery. If 
the LVDH is too large, the load may remain 
OFF for extended periods while the array more 
fully charges the battery. The reduced cycling 
improves battery health, but also limits load 
availability during low insolation periods. The 
proper LVDH selection for a given system will 
depend on load availability requirements, and 
the battery’s charge and discharge rates. 


Float Charge Setpoint 


Multistage charge controllers with an absorption 
charge cycle may also include a float charge 
setpoint, which is a slightly lower voltage than 
the VR setpoint. When the battery completes the 
normal charge, the controller lowers the voltage 
to the float charge setpoint. Float charging holds 
the battery at a fixed voltage by limiting charge 
current. Similar to battery manufacturers’ speci- 
fied float voltages, float charge voltages in PV 
systems can be maintained for an extended 


period without overcharging the battery. Com- 
monly, float voltage for a lead-acid battery is 
around 13.5 V to 13.8 V (at 25 °C) for a nominal 
12 V battery, or 2.25 V to 2.3 V per cell. 


Equalization Setpoints 


Equalization is a controlled overcharge for a 
few hours, which is only performed on open- 
vent batteries. Charge controllers may provide 
an automated or user-activated equalization 
charge cycle. During an equalization cycle, 
the VR setpoint is increased to a higher level, 
where it remains for a predetermined amount of 
time before returning to its normal level or the 
slightly lower float voltage. See Figure 7-16. 
Controllers that rely on only an array for the 
equalization charge may require several days 
or weeks to complete the prescribed time at the 
equalization voltage, especially during periods 
of high load or low insolation. With oversized 
arrays or generator-powered chargers, equaliza- 
tion can be accomplished in shorter periods. 

Equalization settings include the equaliza- 
tion voltage setpoint, cycle frequency, and 
duration. Equalization voltages for flooded 
lead-acid batteries may be as high as 2.5 V to 
2.58 V (at 25?C) per cell, which corresponds 
to 15 V to 15.5 V for a nominal 12 V battery. 
The frequency and duration of equalization 
charges depend on the type of battery and its 
condition, and availability of the array and 
other DC charging sources. Typically, manu- 
facturers recommend an equalization charge 
for flooded lead-acid batteries once every few 
weeks for about 3 hr. 


Setpoint Adjustments 


Appropriate charge controller setpoints are 
crucial to maximizing battery life and system 
performance, and are arguably more important 
than the type of controller design. A relatively 
simple design with properly adjusted setpoints 
will work better than a sophisticated controller 
with improper settings. A difference of a few 
tenths of a volt in the VR setpoint can have a 
significant effect on the battery system. 

For some controllers, setpoints are es- 
tablished by the manufacturer for a specific 
battery type and are not adjustable in the field. 
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However, many controllers allow adjustment 
of the setpoints during installation, though 
the NEC? requires manual means of setpoint 
adjustment to be inside the charge controller 
so they are not easily accessible for unqualified 
persons to make inappropriate changes. 

Setpoints may be adjusted with potenti- 
ometers that allow a range of settings, or with 
DIP switches or jumpers for discrete setpoint 
increments or battery types. See Figure 7-17. 
For microprocessor-based charge controllers, 
including those integrated with inverters, 
setpoint adjustments are made through soft- 
ware programming. 
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Figure 7-16. The equalization setpoint brings the battery voltage to a 
level that is higher than the normal charge regulation voltage. 


Figure 7-17. Setpoints are adjusted with controls 
inside the charge controller. 


192 Photovoltaic Systems 
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In general, for any type of battery, higher 
setpoints are required for interrupting-type 
charge controllers than the more advanced 
controller algorithms. Since interrupting-type 
algorithms do not apply charging current as 
smoothly as more sophisticated algorithms, 
batteries must be charged to higher voltage to 
accept charge applied in this way in a similar 
amount of time. Also, for any type of controller, 
recommended VR setpoints for flooded open- 
vent lead-acid batteries are always higher than 
for sealed VRLA batteries. Flooded batteries 
can tolerate more overcharge than sealed bat- 
teries because water can be added to replenish 
the electrolyte. 

Charge controller and battery manufac- 
turer's data must be reviewed before making 
any determination on setpoints. However, 
manufacturer's recommendations are only 
guidelines, and atypical systems or con- 
figurations may require different setpoints. 
When in doubt, setpoints should be set 
slightly low to be conservative, and the bat- 
tery system should be carefully monitored 
for the first few discharging and charging 
cycles, preferably under a range of tem- 
perature and insolation conditions. Small 
adjustments can be made until charging and 
performance is optimized. When the optimal 
setpoints are established for a particular 
system, the values should be recorded in the 
system documentation and on a label near 
the charge controller. 


Temperature Compensation 


Temperature affects battery charging char- 
acteristics, so some charge controllers auto- 
matically adjust setpoints to compensate for 
this factor. When battery temperature is low, 
temperature compensation increases the VR 
setpoint to allow the battery to reach a mod- 
erate gassing level and fully charge. When 
battery temperature is high, the VR setpoint 
is lowered to minimize excessive overcharge 


and electrolyte loss. Temperature compensa- 
£ MA W ther an 1 0 ot ove N 1 aur 
ing hot weather. Temperature compensation is 


also used for LVD setpoints. 


Charge controllers with temperature com- 
pensation use a sensor to measure temperature. 
For small systems and controls located in the 
same thermal environment, temperature sensing 
within the charge controller is generally satis- 
factory for approximating battery temperature. 
For larger systems or systems with batteries lo- 
cated in a different thermal environment than the 
controller, external temperature probes should 
be used. See Figure 7-18. Temperature probes 
must be securely attached to a battery case to 
ensure the most accurate battery temperature 
measurement. If temperature probes become 
detached from a charge controller, the controller 
should regulate at the nominal setpoints. 


* Battery Temperature Sensors 


Figure 7-18. Temperature probes are placed be- 
tween batteries and connect to a charge controller 
to compensate the charge regulation setpoint. 


Setpoint voltages are usually based on a 
nominal battery temperature of 25°C (77°F). 
Temperature-compensated charge control- 
lers automatically adjust the setpoints based 
on established coefficients. For lead-acid 
batteries, the widely accepted temperature 
coefficient for the regulation voltage is 
-5 mV/°C/cell (-0.005 V/°C/cell). The tem- 
perature compensation coefficient is negative 
because increases in temperature require a 
reduction in the setpoint voltages. Tempera- 
ture coefficients for other battery chemistries 
differ from that for lead-acid types, but most 
are negative values. 


A setpoint voltage at battery temperatures 
other than 25?C can be calculated with the 
following formula: 


comp A UN Ed (Cra x [25 = Pail x n) 
where 
V omp temperature-compensated setpoint 
voltage (in V) 
V „a = nominal setpoint voltage at 25°C 
(in V) 
Cy. = temperature compensation 


coefficient (in V/°C/cell) 
T, ," battery temperature (in °C) 
n. = number of battery cells in series 


For example, consider a PV system using a 
12 V lead-acid battery (6 cells in series) and a 
charge controller with a nominal VR setpoint 
of 14.4 V at 25°C. What should the VR setpoint 
be at 5°C? 


Pan = Va E C z [25 de T, es nj) 


Vap 14.4 — (-0.005 x [25 - 5] x 6) 


col 


V. —14.4- (-0.005 x 20 x 6] 


comp 


V —14.4- 0.6 


comp 


UE 15.0 V 


comp 

Conversely, if the same battery operates at 
40°C (104°F), the VR setpoint is reduced from 
14.4 V to 13.95 V. This amounts to a 1.05 V 
difference in the VR setpoint for a 12 V battery 
operating over a temperature range of 5°C to 
40°C (41°F to 104°F). For higher-voltage bat- 
tery systems, the compensated VR setpoint will 
vary even more. For a nominal 48 V system, the 
VR setpoint will vary by more than 4.2 V over 
the same 35?C (63?F) temperature range. 


CHARGE CONTROLLER 
APPLICATIONS 


Charge controllers used in PV systems must 
be properly specified, selected, and configured 
based on the application requirements. They 
must have appropriate current and voltage rat- 
ings, and must be compatible with other equip- 
ment in the system. The selection and sizing of 
charge controllers in PV systems involves con- 
sideration of many factors. See Figure 7-19. 
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« Charge Controller Selection Criteria 


System voltage 

PV array and load currents 
Battery system type and capacity 
Charge controller algorithm 
Switching element type 

Voltage setpoints 

Power requirements 

Heat dissipation 

Overcurrent protection 

Surge suppression 

Disconnect devices 

Critical load features 

Back-up power source control 
Environmental conditions 
Mechanical design 

System indicators, alarms, and meters 
Cost 

Warranty 

Availability 


Figure 7-19. Many criteria should be consid- 
ered when selecting charge controllers for PV 
systems. 


Ratings 

For NEC? code compliance, charge control- 
lers used in PV systems must be listed to the 
UL Standard 1741, Inverters, Converters, and 
Controllers for Use in Independent Power 
Systems. The testing associated with this 
product listing ensures that charge controllers 
are safe and suitable for the intended operat- 
ing conditions. 


Solar World Industries America 
PV systems in developing countries are often small systems consisting of a 
small array, a few batteries, and a simple charge controller that controls a single 
load, such as a light. 


lc 
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Charge controllers for PV systems are 
produced in a variety of system/battery volt- 
age ratings, commonly 12 V, 24 V, and 48 V. 
Higher voltage charge controllers handle the 
same power levels at lower currents and are 
generally more efficient. Many types of charge 
controllers can be reconfigured for different 
voltages, making them flexible for use in a 
variety of system designs. Charge controllers 
should be sized for greater than the maximum 
voltage expected from the PV system, usually 
the open-circuit voltage of the array under the 
coldest conditions. 

Charge controllers are also rated for 
maximum array and load currents. The charge 
controller current rating must be specified to 
125% of the maximum PV circuit current. 
For example, a controller rated for 40 A can 
accommodate an array with short circuit rat- 
ing of 32 A (40 A + 125% = 32 A). Similarly, 
a charge controller with load control function 
must have a load current rating at least 12596 
of the maximum expected load current. The 
load current rating may be different from the 
array current rating. 
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Installing charge controllers physically near the battery bank and other system 
components keeps voltage drop low, improving system performance. 


Location 

When the temperature compensation sensor 
is inside the charge controller, the charge 
controller should be as close to the batteries as 
possible so that they are at the same ambient 
temperature. If this type of charge controller 
is located in a cooler space, the setpoints will 
be too high, and if it is in a warmer space, the 
setpoints will be too low. However, charge 
controllers should not be installed in the same 
enclosure or immediately above flooded lead- 
acid batteries. Battery gases may deteriorate 
the controller electronics over time and, in 
extreme cases, a controller could ignite if an 
explosive amount of battery gases accumulated 
without proper ventilation. 

To minimize their operating temperature, 
charge controllers should be installed out of 
direct sunlight and with unobstructed airflow 
around the heat sinks. Charge controllers should 
also be protected from excessive moisture. 


Voltage Drop 


Installing charge controllers close to batter- 
ies also minimizes voltage drop. As charging 
current increases on the conductors between 
the charge controller and battery terminals, 
the voltage drop increases. Since many charge 
controllers sense battery voltage with the 
conductors used to deliver charging current, 
the measured voltage is slightly higher than 
the actual battery voltage. See Figure 7-20. 
This prematurely activates charge regulation, 
causing the battery to be undercharged. 

Excessive voltage drop also affects the load 
control setpoints. The discharge current causes 
the measured voltage from the charge control- 
ler to be lower than the actual battery voltage. 
This results in the loads being disconnected at 
an actual battery voltage that is slightly higher 
than the LVD setpoint. The voltage drop during 
charging and discharging effectively compresses 
the actual operating voltage range of the battery, 
reducing the available battery capacity. 

Some controllers, particularly ones designed 
for higher currents, include additional termi- 
nals for conductors to sense battery voltage. 
See Figure 7-21. This is called a four-wire or 
Kelvin measurement. No current flows in these 


conductors, so there is no voltage drop. There- 
fore, a precise battery voltage is measured and 
setpoints are activated at the correct voltages. 
When a charge controller does not have sepa- 
rate voltage sense leads, voltage drop can be 
minimized by using oversized conductors and 
locating the controller close to the batteries. 


Multiple Arrays 


For large arrays with multiple subarray source 
circuits, multiple independent charge control- 
lers can be used instead of a single, larger con- 
troller. The array charging current is limited in 
a stepped manner as each controller begins to 
regulate each subarray. See Figure 7-22. This 
configuration improves overall system reliabil- 
ity in the event of the failure of any individual 
controller. This design can also facilitate later 
system expansion by allowing for the addi- 
tion of a new array source circuit and charge 


* Voltage Dro 
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controller. As long as the charge rate for that 
circuit is limited to no more than 3% of the 
battery bank capacity, one source circuit may 
be left unregulated for float charging. 


Multiple Battery Banks 


Although rarely, a PV system can be con- 
figured to charge multiple separate battery 
banks with a single array. This situation usu- 
ally results from a system expansion or from 
incorporating an isolated emergency standby 
battery or loads with different operating 
voltages. The battery banks may be different 
sizes, types, and ages, or perhaps different 
voltages. Charge acceptance and charge 
requirements may be different between the 
battery banks, leading to one battery bank 
being undercharged and the other being 
overcharged if the same charge controller and 
setpoints are used. 
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Figure 7-20. Long conductors between a charge controller and a battery bank have resistance that causes voltage drops. 
Voltage drops affect the voltage measured at the charge controller, which triggers overcharge and overdischarge protec- 
tions too early. 
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In addition to temperature compensation, some charge con- 
trollers also compensate for high charge or discharge currents, 
which also affect battery voltage. 
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Careful component selection and system 
configuration can still effectively optimize 
the performance and life of multiple battery 
banks in these situations. Charge controller 
manufacturer's literature will specify al- 
lowable alternative configurations for their 
equipment. 

Separate charge controllers are the best 
method for charging multiple battery banks 
from a single array. Each controller must be 
rated to handle the entire array current, and 
blocking diodes are required between each 
charge controller and the array to prevent 
the battery banks from operating at the same 
voltage. See Figure 7-23. In this configura- 
tion, each charge controller can be set for 
the specific battery types and charge each 
battery bank appropriately. Since the battery 
banks are isolated by the blocking diodes and 
Figure 7-21. Some charge controllers use addi. independent charge controllers, system loads 


tional battery voltage sense conductors to avoid may be connected to either battery bank, but 
the effect of voltage drop on setpoints. not both. 


*- Multiple Subarrays and Charge Controllers. 


CHARGE 
CONTROLLER 1 


BATTERY BANK 
CHARGE 
CONTROLLER 2 


ONE ARRAY CIRCUIT 
CONNECTED DIRECTLY 
TO BATTERY IF CURRENT 
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SUBARRAY 3 s A 
i. 


Figure 7-22. Larger PV systems often use independent charge controllers for each array source 
circuit. 
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* Multiple Battery Banks with Multiple Charge Controllers 


CHARGE 
CONTROLLER 1 
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CHARGE 
CONTROLLER 2 
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Figure 7-23. Separate charge controllers are usually recommended for charging independent battery 


banks from a single array. 


Some charge controllers can be used alone 
to charge multiple battery banks if the volt- 
ages are sufficiently close, though this is 
not recommended by most charge controller 
manufacturers. In this configuration, a resistor 
is added between the array and battery positive 
terminals on the charge controller and blocking 
diodes are added between the positive battery 
terminal of the charge controller and the posi- 
tive terminal of each battery. See Figure 7-24. 
This allows the charge controller to distribute 
the appropriate charging current to each bat- 
tery bank. The batteries are also isolated from 
one another in the controller output circuit, 
instead of on the array input side when using 
separate charge controllers. 

Multiple battery banks are often used 
because the system must power loads of dif- 
ferent voltages. However, there are alternative 
strategies for this situation. Lower voltages can 
be tapped from a higher voltage battery bank, 
though this can cause equalization problems 
for anything but very small loads. The best 
solution is to configure the battery bank for 
the highest voltage load and use a DC-DC 
converter to supply lower voltages. 


Self-Regulating PV Systems 


A charge controller is required in nearly all 
PV systems using batteries. However, some 
small systems can be specially designed to 
operate without a charge controller. A self- 
regulating PV system is a type of stand-alone 
PV system that uses no active control systems 
to protect the battery, except through careful 
design and component sizing. See Figure 
7-25. When maintenance is infrequent or 
prohibitively expensive, such as for remote 
applications, eliminating the need for a sensi- 
tive electronic charge controller can simplify 
the system design, lower costs, and improve 
reliability. 

Self-regulating PV systems must be 
designed so that the battery is never over- 
charged or overdischarged under any op- 
erating conditions. The expected operating 
conditions, such as temperature, insolation, 
and discharge rates, must be well understood 
for this type of system to function safely 
and successfully. The energy supply from 
the array, the energy capacity of the battery, 
and the energy demand of the load must be 
carefully balanced. 
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*- Multiple Battery Banks with One Charge Controller 
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Figure 7-24. /n some cases, a single charge controller may be used to charge independent battery 


banks. 


L Sel Regulating PV Systems 
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Figure 7-25. To balance the charge to and from 
the battery in a self-regulating PV system, the 
load must be well defined, the battery must be 
oversized, and the array current must be self- 
limiting. 


Electrical Load. For self-regulating PV sys- 


tems to work properly, the electrical load must 


the load is not used 


and array sizes needed in any stand-alone 
PV system, but is particularly important for 
self-regulating systems. 


Environmental Conditions. Applications 
with widely varying insolation or extreme 
temperature variations are generally not suit- 
able for self-regulating systems. Seasonal 
variations in insolation require a larger array 
to meet the load requirements, which can 
overcharge the battery. Similarly, temperature 
changes affect battery charging and array 
voltage, which cannot be automatically com- 
pensated for in self-regulating systems. 


Battery and Array Sizing. As with any 


stand-alone PV oid 


and low insolation: If the array is too small, 


the battery may discharge completely. How- 
ever, an array that is too large can overcharge 
the battery. To prevent overcharge when the 
battery is fully charged, the maximum array 
charge rate must be very low. Since the size 
of the array cannot be reduced, 


According to the NEC®, any PV system 
with batteries must employ charge control 
whenever the charge rate exceeds C/33. More 
conservatively, charge rates of C/100 or less 
are considered low enough to be tolerated for 
extended periods when most types of batteries 
are already fully charged. 


Low-Voltage Modules. Low-voltage mod- 
ules are an important part of a self-regulating 
system. Low-voltage modules take advantage 
of the fact that the module current falls off 
sharply as the voltage increases above the 
maximum power point. By matching the maxi- 
mum power voltage with the battery charge 
regulation voltage, charge current is naturally 
limited as the battery approaches full state of 
charge, helping prevent battery overcharge. 

Common standard module designs include 
36 cells in series and produce a maximum 
power voltage of about 17 V at STC. This volt- 
age provides an acceptable charging current 
for nominal 12 V lead-acid batteries at higher 
operating temperatures and with moderate 
voltage drop through conductors and equip- 
ment. These modules always operate to the 
left of the “knee” on their I- V curve, producing 
maximum power current or greater. 

Low-voltage modules include 29 or 30 cells 
in series and have a maximum power voltage of 
about 15 V. At typical operating temperatures, 
the maximum power point falls within the 
range of typical battery voltages. As a battery 
approaches full state of charge and the module 
voltage passes the maximum power point, the 
module current falls sharply as the voltage 
increases further. See Figure 7-26. 
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Since module voltage and battery charge 
voltage requirements both decrease with 
increasing temperature, the voltages are rea- 
sonably matched for moderate temperature 
variations. 


Since PV devices are greatly affected by temperature, the 
output of a low-voltage module can easily move outside the 
range of safe battery voltages at various temperatures. In cool 


weather, the battery may be severely overcharged, and in warm 
weather, the battery may be undercharged. Self-regulating 
systems using low-voltage modules should therefore be used 
only in locations where the temperature variance is small. 


« Low-Voltage Modules 
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Figure 7-26. Low-voltage modules control current 
into a battery bank without a charge controller 
because their current automatically falls as the 
battery reaches full charge. 
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Summary 


* Chargecontrollers manage the interactions between the array, battery bank, and loads; are the heart of stand-alone 
PV systems; and have a profound affect on battery life, load availability, and overall system performance. 


* Charge controllers regulate battery charging and protect batteries from being overcharged or overdischarged. 
* Additional features may be incorporated in charge controllers to provide enhanced system control functions. 
* Charge controllers use various algorithms and switching designs to manage battery state of charge. 

* Interrupting-type charge controllers regulate charging current by switching it ON or OFF. 

* Linear-type charge controllers use a variable resistance to regulate charging current in a gradual manner. 

e Shunt charge controllers control charging current by short-circuiting the array. 

* Series charge controllers control charging current by open-circuiting the array. 


e Pulse-width modulation (PWM) simulates a variable current by switching a full current ON and OFF at high 
speed for varying lengths of time. 


* Diversionary charge controllers divert the array current to an auxiliary load when the battery bank is fully 
charged. 


* Charge controller setpoints are the battery conditions that trigger charge control actions. 
* Charge regulation setpoints determine when the array's charging current will be applied to the battery bank. 


e Load control setpoints determine when the loads will be operating, preventing the battery bank from being 
overdischarged. 


* Optimal charge controller setpoints are determined by the charge control algorithm and type of battery. 
* Setpoints should be adjusted for temperature because temperature affects battery charging characteristics. 
* Charge controllers must have the appropriate voltage and current rating for the application requirements. 


* Longconductors between the charge controller and the battery bank produce a voltage drop that affects the 
accuracy of voltage measurement by the controller. 


e Large arrays with multiple source circuits use individual charge controllers for each circuit. 


* Multiple battery banks can be charged from one array, with either multiple charge controllers or one specially 
configured charge controller. 


e Self-regulating PV systems do not require active charge control because the charging and discharging cur- 
rents are carefully balanced. 


Definitions 


* Acharge controller is a device that regulates battery charge by controlling the charging voltage and/or cur- 
rent from a DC power source, such as a PV array. 


* Charge acceptance is the ratio of the increase in battery charge to the amount of charge applied to the battery. 


* Overcharge is the ratio of applied charge to the resulting increase in battery charge. Overcharge can also 
refer to the condition of a fully charged battery continuing to receive a significant charging current. 
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Deficit charge is a charge cycle in which less charge is returned to a battery bank than what was withdrawn 
on discharge. 


Overdischarge is the condition of a battery state of charge declining to the point where it can no longer sup- 
ply discharge current at a sufficient voltage without damaging the battery. 


A charge control algorithm is a programmed series of functions that a charge controller uses to control 
current and/or voltage in order to maintain battery state of charge. 


Aninterrupting-type charge controller is a charge controller that switches the charging current ON and OFF 
for charge regulation. 


A linear-type charge controller is a charge controller that limits the charging current in a linear or gradual 
manner with high-speed switching or linear control. 


A shunt charge controller is a charge controller that limits charging current to a battery system by short- 
circuiting the array. 


A shunt-interrupting charge controller is a charge controller that suspends charging current to a battery 
system by completely short-circuiting the array. 


A shunt-linear charge controller is a charge controller that limits charging current to a battery system by 
gradually lowering the resistance of a shunt element through which excess current flows. 


A series charge controller is a charge controller that limits charging current to a battery system by open- 
circuiting the array. 

A series-interrupting charge controller is a charge controller that completely open-circuits the array, sus- 
pending current flow into the battery. 


A series-linear charge controller is a charge controller that limits charging current to a battery system by 
gradually increasing the resistance of a series element. 


A series-interrupting, pulse-width-modulated (PWM) charge controller is a charge controller that simulates 
a variable charging current by switching a series element ON and OFF at high frequency and for variable 
lengths of time. 


A maximum power point tracking (MPPT) charge controller is a charge controller that operates the array 
at its maximum power point under a range of operating conditions, as well as regulates battery charging. 


A diversionary charge controller is a charge controller that regulates charging current to a battery system 
by diverting excess power to an auxiliary load. 


The diversion load is an auxiliary load that is not a critical system load, but is always available to utilize the 
full array power in a useful way to protect a battery from overcharge. 


A hybrid system controller is a controller with advanced features for managing multiple energy sources. 


An ampere-hour integrating charge controller is a charge controller that counts the total amount of charge (in 
ampere-hours) into and out of a battery and regulates charging current based on a preset amount of overcharge. 


A charge controller setpoint is a battery condition, commonly the voltage, at which a charge controller 
performs regulation or switching functions. 


The voltage regulation (VR) setpoint is the voltage that triggers the onset of battery charge regulation because 
it is the maximum voltage that a battery is allowed to reach under normal operating conditions. 


The array reconnect voltage (ARV) setpoint is the voltage at which an interrupting-type charge controller 
reconnects the array to the battery and resumes charging. 
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The voltage regulation hysteresis (VRH) is the voltage difference between the voltage regulation (VR) . 
setpoint and the array reconnect voltage (ARV) setpoint. 

The low-voltage disconnect (LVD) setpoint is the voltage that triggers the disconnection of system loads to 
prevent battery overdischarge because it is the minimum voltage a battery is allowed to reach under normal 
operating conditions. 


The load reconnect voltage (LRV) setpoint is the voltage at which a charge controller reconnects loads to 
the battery system. 


The low-voltage disconnect hysteresis (LVDH) is the voltage difference between the low-voltage disconnect 
(LVD) and load reconnect voltage (LRV) setpoints. 


A self-regulating PV system is a type of stand-alone PV system that uses no active control systems to protect 
the battery, except through careful design and component sizing. 


10. 


11. 


Review Questions 


. What is the difference between charge acceptance and overcharge? 

. How do charge controllers protect battery banks from overcharge and overdischarge? 

. Explain the differences between interrupting-type charge controllers and linear-type charge controllers. 
. Explain the differences between shunt and series charge controllers. 

. How does PWM technology regulate charging current? 

. How does a diversionary charge controller utilize excess energy? 


. Explain four primary charge controller setpoints. 


What are the possible consequences of a charge controller hysteresis that is too narrow or too large? 


. Why must charge controller setpoints be temperature-compensated? 


How does the distance between the charge controller and battery bank affect the regulation functions of a 
charge controller? 


How do low-voltage modules control charging current? 
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Chapter Objectives 


e Identify basic waveform types and properties. 
ə» Compare applications for static inverters. 
e Explain the basic types of inverters used in PV systems. 
» Describe the operation of a simple square wave inverter. 
| e Explain how inverters make sine waves from square waves. 
e Describe the functions and features of power conditioning units. 
e Understand inverter specifications and ratings. 
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AC POWER 


Voltage and current, and therefore power, can 
be either constant or time varying in magni- 
tude. Moreover, time-varying values can either 
maintain one direction (positive or negative), 
or alternate between positive and negative di- 
rections. See Figure 8-1. Direct current (DC) 
is electrical current that flows in one direction, 
either positive or negative. DC power may be 
constant or variable, but always maintains one 
direction. 


«DC Power vs. AC Power 


AC POWER SIGNALS 


Figure 8-1. /f voltage and current signals are 
either always positive or always negative, they 
are DC waveforms. If the signals switch between 
positive and negative, they are AC waveforms. 


PV modules, and some other power- 
generating technologies, produce variable DC 
power. However, most electrical loads operate 
using AC power, so DC power usually must 
be transformed into AC power in order to be 
useful. Alternating current (AC) is electrical 
current that changes between positive and nega- 
tive directions. AC power is characterized by 
waveform shape, frequency, and magnitude. 


Waveforms 


A waveform is the shape of an electrical signal 
that varies over time. Waveforms are used to 
represent changing electrical current and volt- 
age. A periodic waveform is a waveform that 
repeats the same pattern at regular intervals. A 
cycle is the interval of time between the begin- 
nings of each waveform pattern. 

Waveforms cannot be measured or viewed 
directly. To view the shape of a waveform, 
the time-varying values (voltage or current) 
must be plotted against time. Oscilloscopes, 
or meters with oscilloscope features, are able 
to display waveforms. 

Waves can take a variety of forms, such as 
smooth curves for gradually changing values, 
or stepped patterns for abruptly changing val- 
ues. Sine waves, square waves, and modified 
square waves are common AC waveforms 
produced by inverters. See Figure 8-2. 


K AC Waveforms — — 


SQUARE 
WAVE 


Figure 8-2. AC waveforms can take a variety of 
shapes. 


Sine Waves. A sine wave is a periodic wave- 
form the value of which varies over time ac- 
cording to the trigonometric sine function. A 
sinusoidal waveform is a waveform that is or 
closely approximates a sine wave. Sine waves 
may shift in time or vary in amplitude, but if 
they retain the shape of the sine wave, they are 
still sinusoidal. 

The rotating generators that provide most of 
the electrical power on the utility grid naturally 
produce sine waves, so most loads are designed 
to operate using sinusoidal AC power. There- 
fore, interactive inverters produce sine waves for 
utility synchronization. Other waveforms may 


damage some loads. However, sine waves are 
the most complicated type of AC waveform for 
inverters to produce, so some less-sophisticated 
inverters approximate a sine wave with square 
waves or modified square waves. 


Square Waves. Square waves and modified 
square waves are nonsinusoidal waveforms. 
A square wave 1s an alternating current wave- 
form that switches between maximum positive 
and negative values every half period. Square 
waves are inefficient and are not a common 
inverter output, but are the basis for the im- 
proved modified square wave. 
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Modified Square Waves. A modified square 
wave is a synthesized, stepped waveform that 
approximates a true sine wave. Also called a 
modified sine wave or a quasi sine wave, this 
type of waveform is the typical AC output 
of many stand-alone inverters. In terms of 
power quality, a modified square wave is a 
substantial improvement over a simple square 
wave. Compared to square wave inverters, 
modified square wave inverters have lower 
harmonic distortion, higher peak voltage, 
higher efficiency, and better surge current 
capability. 


History of Alternating Current 


In the late 1880s, electricity was first becoming accessible to homes and businesses. The 
first electrical power generation and distribution systems were developed by Thomas Edison 
and used direct current (DC) power. DC power worked well for powering loads, but could 
not be transmitted more than about a mile without significant power loss from voltage drop. 
Edison advocated distributed generation as a solution—building many power plants close 
to where electricity was needed—but this was impractical at the time. 

As an alternative, George Westinghouse 
and Nikola Tesla devised a system for gen- 
erating and distributing alternating current 
(AC) power. AC had many advantages, 
including safer connections and disconnec- 
tions without arcing, and the ability to trans- 
mit power at high voltage over hundreds of 
miles with relatively small losses. Edison 
and Westinghouse became bitter adversar- 
ies as each tried to persuade the public that 
theirs was the better system. Edison tried to 
convince people that AC power was more 
dangerous than DC power, even trying to 
popularize “Westinghoused” as a term for 
being electrocuted. This controversy be- 
came known as the War of Currents. 

The Niagra Falls generation project was 
the first large-scale electrical generation 
project, and both Edison and Westinghouse 
competed for the contract. Ultimately, the 
Niagra Falls Commission chose the AC 
system. The project was completed in 1896 
and was a huge success. Tesla's system of 
generators, transformers, motors, and conductors set the standards for all future AC power 
generation, including the 60 Hz frequency. 

Edison's DC system did not become the primary electrical distribution system, but some 
remnants of his attempts lingered for more than a century. Up until 2005, Consolidated Edison, 
New York City's electric utility company, supplied DC power to 1600 customers in Manhattan, 
mainly for operating older elevators. Currently, DC power is used in electronics, telephone 
networks, and in small power networks for off-grid residences and transportation. 
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Library of Congress 
Thomas Edison's dynamos were the earliest commercial 
electricity generators. 


206  Photovoltaic Systems 


Modified square waves are suitable for many 
AC loads, including linear and switching power 
supplies used in electronic equipment, trans- 
formers, and some motors. However, a load 
that is sensitive to either peak voltage or zero 
crossings could experience problems. These in- 
verters may also produce radio frequency (RF) 
noise that interferes with devices such as radios 
and TVs. Also, modified square wave inverters 
should not be used with motor speed controllers 
or devices that plug directly into a receptacle to 
charge a battery without a transformer. 


Frequency 


Frequency is the number of waveform cycles 
in one second. In the past, frequency was ex- 
pressed as cycles per second (cps, or simply 
"cycles"), but it is now commonly expressed in 
equivalent units of Hertz (Hz). The frequency 
of the U.S. electric grid is maintained at 
60 Hz. Frequency establishes the speed of mo- 
tors, generators, and some clocks and is one of 
the most important parameters in synchroniz- 
ing AC electrical systems. 

Period is the time it takes a periodic wave- 
form to complete one full cycle before it re- 
peats. See Figure 8-3. Period is the inverse of 
frequency. For example, a 60 Hz AC waveform 
repeats 60 times per second. In this case, the 
period is Yo sec, or 16.7 ms. 


£ Waveform Parameters 


Figure 8-3. Certain parameters are integral to 
defining the characteristics of an AC waveform. 


Magnitude 


There are multiple ways to measure or spec- 
ify the magnitude of a waveform. Peak is the 
maximum absolute value of a waveform. For 
example, peak voltage is the maximum value 
of an AC voltage waveform. Peak-to-peak is a 
measure of the difference between positive and 
negative maximum values of a waveform. 

The root-mean-square (RMS) value is a sta- 
tistical parameter representing the effective value 
of a waveform. An RMS value is the square root 
of the mean (average) of the squares of the val- 
ues. This is not the same as the average value, but 
it has a special significance. A DC voltage equal 
to the RMS value of an AC voltage produces the 
same amount of heat in a resistive circuit as does 
the AC voltage. Most AC voltage and current 
measurements are actually RMS values. For ex- 
ample, a typical wall outlet provides about 120 V, 
which is the RMS value. The peak voltage of the 
waveform is actually about 170 V. 


Three-Phase AC Power 


Three-phase AC power includes three sepa- 
rate voltage and current waveforms occurring 
simultaneously 120? apart. See Figure 8-4. 
Three-phase AC power is commonly used for 
motors because they can be more efficient and 
smaller than single-phase motors of the same 
power output. Many large PV inverters are 
designed to produce three-phase AC outputs. 


*- Three-Phase Power 


0° 60° 120° 180° 240° 300° 360° 


Sine wave patterns occur often in nature, such as in ocean waves, DECREE Cl NETTON 


tides, sound waves, and light waves. A plot of average daily tem- 
peratures over a year or more also resembles a sine wave. 


Figure 8-4. Three-phase power is composed of 
three separate voltage waveforms that are 120° 
out of phase. 


For a true sine wave, the peak, RMS, and 
average values of the waveform are always 
proportional. This means the values can be 
calculated from one another with simple for- 
mulas. These formulas are accurate only for 
true sine waves. 

Calculating the actual RMS value of a 
waveform is possible with the fast electronics 
and microprocessors in many meters. A meter 
that has this capability will be labeled "true 
RMS.” However, a low-end meter shortcuts 
this process by measuring the peak value 
and multiplying that value by 0.707, which is 
a much faster and easier calculation. If the 
waveform is a true sine wave, the value will 
be accurate. That is, the calculation will yield 
the same result as calculating the RMS value 
directly. 

However, if the waveform is not a sine 
wave or is a distorted sine wave, this shortcut 
method produces an incorrect RMS value. 
For example, the RMS and peak voltages are 
equal for a square wave. This can lead to an 
improper conclusion that a modified square 
wave or square wave inverter is not producing 
its rated voltage or power. A true RMS meter is 
required to measure these signals accurately. 
Fortunately, the prices of true RMS meters are 
falling and the cost advantage of non-true- 
RMS meters is becoming less significant. 

Measuring peak and RMS values with 
a true RMS meter is an easy way to gain 
information about the shape of a waveform 
without using an oscilloscope or graphical 
multimeter to display the actual waveform. If 
the calculated RMS value (calculated from 
the peak value) is less than the actual RMS, 
then the waveform is wider and flatter, like a 
square wave. If the calculated RMS value is 
more than the actual RMS, then the waveform 
is very narrow. 
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True RMS Meters 
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Power Quality 

Power quality is the measure of how closely 
the power in an electrical circuit matches the 
nominal values for parameters such as volt- 
age, current, harmonics, and power factor. It is 
common for actual circuit parameters to vary, 
but allowable ranges are typically very small. 


Excessive variations in circuit parameters 
can cause damage to loads and distribution 
equipment. 

Power quality problems can be caused by 
the power source, but they can also be caused 
by loads on the electrical system. It is important 
to ensure adequate power quality in inverter 
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systems, as in any electrical system. However, 
most inverters perform much of the power quality 
monitoring automatically, so problems usually 
are easy to identify. The inverter may alert the 
operator to a power quality problem with an 
alarm or visual display, and may shut down au- 
tomatically to avoid damage to equipment if the 
problem is significant. However, an understand- 
ing of power quality issues and their common 
causes is important to avoid problems. 


Voltage Variations. Voltage in a power dis- 
tribution system is typically acceptable within 
the range of +5% to -10% from the nominal 
voltage. Small voltage fluctuations typically do 
not affect equipment performance, but voltage 
fluctuations outside the normal range can cause 
circuit and load problems. See Figure 8-5. 


+ Voltage Variations. 
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Figure 8-5. Voltage variations outside allowable ranges include voltage 
sags, voltage swells, and transients. 


Voltage sags are commonly caused by over- 
loaded transformers, undersized conductors, 
conductor runs that are too long, too many loads 
on a circuit, peak power usage periods (brown- 
outs), and high-current loads being turned on. 
Voltage sags are often followed by voltage 
swells as voltage regulators overcompensate. 

Voltage swells are caused by loads near 
the beginning of a power distribution system, 
incorrectly wired transformer taps, and large 
loads being turned off. Voltage swells are 
not as common as voltage sags, but are more 
damaging to electrical equipment. 


Transient voltages are temporary undesir- 
able voltages in an electrical circuit, ranging 
from a few volts to several thousand volts and 
lasting from a few microseconds up to a few 
milliseconds. Transient voltages are caused 
by the sudden release of stored energy due to 
lightning strikes, unfiltered electrical equip- 
ment, contact bounce, arcing, and high current 
loads being switched ON and OFF. Transient 
voltages differ from voltage drops and surges 
by being larger in amplitude, shorter in dura- 
tion, steeper in rise time, and erratic. High- 
voltage transients can permanently damage 
unprotected circuits or electrical equipment. 


Voltage Unbalance. Voltage unbalance is the 
unbalance that occurs when the voltages of 
a three-phase power supply or the terminals 
of a three-phase load are not equal. Voltage 
unbalance also results in a current unbalance. 
See Figure 8-6. Voltage unbalance should not 
be more than 1%. The primary cause of volt- 
age unbalances of less than 296 is too many 
single-phase loads on one phase of a three- 
phase system. 


* Three-Phase Unbalance 
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Figure 8-6. Three-phase voltage and current 
waveforms are unbalanced if they are not equal 
in magnitude. 


Single phasing is the complete loss of one 
phase on a three-phase power supply. Single 
phasing is the maximum condition of voltage 
unbalance. Common causes of single phasing 
include blown fuses, mechanical switching fail- 
ure, or a lightning strike on the power lines. 


Current Unbalance. Current unbalance 
is the unbalance that occurs when current 
is not equal on the three power lines of a 
three-phase system. Small voltage unbal- 
ances cause large current unbalances. Large 
current unbalances cause excessive heat, 
resulting in insulation breakdown. Typically, 
for every 1% of voltage unbalance, current 
unbalance is 4% to 8%. Current unbalances 
should never exceed 10%. 


Phase Unbalance. When three-phase power 
is generated and distributed, the three power 
lines are 120? out of phase with each other. 
Phase unbalance is the unbalance that occurs 
when three-phase power lines are more or 
less than 120? out of phase. Phase unbalance 
of a three-phase power system occurs when 
single-phase loads are applied, causing one 
or two of the lines to carry more or less of the 
load. Loads must be balanced on three-phase 
power systems during installation. 


Harmonic Distortion. A harmonic is a 
waveform component at an integer multiple 
of the fundamental waveform frequency. For 
example, the second harmonic frequency of a 
60 Hz sine wave is 120 Hz, the third is 180 Hz, 
the fourth is 240 Hz, and so on. These higher- 
frequency harmonic components superimpose 
on the fundamental frequency, distorting the 
waveform. See Figure 8-7. 


COMBINATION OF 
FUNDAMENTAL 
FREQUENCY AND 
THIRD AND FIFTH 
HARMONICS 


FUNDAMENTAL 
FREQUENCY 


Figure 8-7. Harmonics can add to the fundamen- 
tal frequency to produce distorted waveforms. 
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Fundamental frequencies and harmonics 
can add together to form composite wave- 
forms. Total harmonic distortion (THD) is the 
ratio of the sum of all harmonic components 
in a waveform to the fundamental frequency 
component. Total harmonic distortion is ex- 
pressed as a percentage. For example, a current 
waveform with 5% THD means that 5% of the 
total current is at frequencies higher than the 
fundamental. 

Harmonics are commonly caused by non- 
linear loads, including variable-frequency 
drives, switching power supplies, and low- 
quality inverters. Harmonics are also present in 
square waves and modified square waves, and 
can be a significant inverter issue. Harmonics 
cause extra heat in motors and transformers 
and sometimes create audible noise. 


Power Factor. AC loads are either resistive 
or reactive loads. A resistive load is a load 
that keeps voltage and current waveforms in 
phase. True power is the product of in-phase 
voltage and current waveforms and produces 
useful work. See Figure 8-8. True power is 
also called real power or active power and is 
represented in units of watts (W). 

A reactive load is an AC load with inductive 
and/or capacitive elements that cause the current 
and voltage waveforms to become out of phase. 
Inductive loads are the most common reactive 


Fluke Corporation 
Power quality problems can be diagnosed with graphical power quality analyzers. 
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loads and include motors and transformers. 
Reactive power is the product of out-of-phase 
voltage and current waveforms and results in 
no net power flow. Inductive loads momentarily 
retard current in the process of building mag- 
netic fields and cause the current waveform to 
lag the voltage waveform in time. Capacitive 
loads momentarily store voltage and cause the 
current waveform to lead the voltage waveform 
in time. Reactive power is represented in units 
of volt-amperes reactive (VAR). 


IN PHASE; 
POWER 
FACTOR 
EQUALS 1 


RESISTIVE LOADS 


OUT OF PHASE; 
POWER FACTOR 
IS LESS THAM 1 


REACTIVE LOADS 


Figure 8-8. Resistive loads keep the voltage and 
current waveforms in phase, while reactive loads 
cause the current waveform to lead or lag the 
voltage waveform. 


Early converters were electromechanical devices that com- 
bined a motor with a commutator to produce DC output from 


an AC input. Inverting the connections resulted in AC output 
from DC input. The term "inverter" stems from these inverted 


converters. 


L power to the source, 


Power factor is the ratio of true power to 
apparent power and describes the displace- 
ment of voltage and current waveforms in AC 
circuits. Apparent power is a combination of 
true and reactive power and is given in units 
of volt-amperes (VA). For resistive loads, 
voltage and current waveforms are in phase 
and apparent power equals the true power, 
so the power factor equals 1. Reactive load 
circuits have a power factor of less than 1 
because the true power is less than the ap- 
parent power. 

Low power factor has important con- 
sequences for both utility and inverter AC 
power. Because reactive loads return some 


lower-power-factor loads. Consequently, 


maintaining high power factor minimizes 
the sizes and costs for this equipment. 
Furthermore, normal utility kilowatt-hour 
revenue meters record only true power, not 
apparent power. 


INVERTERS 


When AC loads and appliances are to be used 
in a PV system, an inverter is required to con- 
vert DC power to AC power. An inverter is a 
device that converts DC power to AC power. 
See Figure 8-9. The AC output is connected 
to a distribution panel to power the AC loads. 
Some inverters allow the flexibility to operate 
both AC and DC electrical loads. However, 
inverters add to the complexity and cost of a 
system, and some power is lost in the conver- 
sion process. 

Early inverters were electromechanical 
devices that coupled a DC motor to an AC 
generator. Electromechanical inverters were 
noisy and inefficient, and have largely become 
Obsolete. Static (solid-state) inverters chan ge 
DC power to AC power using electronics 
and have no moving parts. They are more 
efficient and much less expensive than elec- 
tromechanical inverters in most applications. 
Inverters used in PV systems are exclusively 
static inverters. 
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» Inverters 
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Figure 8-9. /nverters are available in many different configurations and ratings. 


ry Converters 
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In the late 1900s, rotating electromechanical devices were developed as the first power 
converters. Depending on their design, they convert DC power to AC power, AC power to DC 
power, or AC power to AC power at different voltages, phase, or frequency. The input power 
runs a motor, which produces mechanical power. The mechanical power is then transferred 
to an electrical generator, which is configured for the desired output power. 

Discrete rotary converters are separate motor and generator units that are mechanically 
coupled by a shaft. This coupling offers power and harmonic isolation, voltage output control, 
and greater surge protection. Integral rotary converters combine the motor and generator 
into one self-contained unit. Some ofthe electrical energy flows directly from input to output, 
bypassing the mechanical power conversion process, which improves efficiency and allows 
the unit to be much smaller and lighter than discrete systems. 

Electromechanical converters can handle very large loads, but are also heavy and 
inefficient and require considerable maintenance. These systems are largely obsolete, 
because solid-state power electronics are smaller, lighter, more efficient, and virtually 
maintenance free, even when several electronic converters must be connected in parallel 
to handle large loads. 
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PV Inverters 


Inverters for PV systems are broadly classified 
as either stand-alone or interactive in operation. 
The difference involves whether the inverter 
input is connected to the PV array or the battery 
bank. PV arrays and batteries have different 
characteristics, which affects inverter design. 


Stand-Alone Inverters. Stand-alone inverters 
are connected to batteries as the DC power 
source and operate independently of the PV 
array and the utility grid. PV arrays charge 
the batteries but do not directly influence the 
operation of the inverter. For stand-alone in- 
verters, it is the electrical load connected to the 
AC output, rather than the DC power source, 
that affects the performance of the inverter. See 
Figure 8-10. DC loads may also be powered 
directly from the battery bank. 


Xantrex Technology Inc. 
Large PV systems may include multiple inverters with their outputs in parallel. 


* Stand-Alone Inverters — — 


STAND-ALONE 
INVERTER 


Stand-alone inverters must be sized to 
meet the total connected AC load for both 
steady-state and surge-load requirements. 
Overloading the output of stand-alone invert- 
ers raises the temperature of the unit until it 
automatically shuts down. 


Utility-Interactive Inverters. Utility- 
interactive PV inverters are connected to, and 
operate in parallel with, the electric utility grid. 
Sometimes called grid-connected or grid-tie 
inverters, these inverters interface between 
the PV array and the utility grid and convert 
DC output from a PV array to AC power that 
is consistent and synchronous with the utility 
grid. Interactive inverters are loaded by the DC 
source, not the AC output, so AC loads do not 
directly impact the operation of the inverter. 
See Figure 8-11. 

Interactive PV systems are interconnected 
with the utility at the distribution panel or on 
the supply side of service entrance equipment. 
In a sense, the utility acts as an infinitely large 
energy storage system that accepts excess en- 
ergy from the interactive system and supplies 
extra energy when needed. This allows AC 
power produced by the PV system to either 
supply on-site electrical loads or to back- 
feed power to the grid when the PV system 
output is greater than the site load demand. 
At night and during other low insolation 
periods when the electrical loads are greater 
than the PV system output, the balance of 
power required by the loads is received from 
the electric utility. 


AC POWER 
DISTRIBUTION PANEL 


Figure 8-10. Stand-alone inverters are connected to the battery bank and supply AC power to a 
distribution panel that is independent of the utility grid. 
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Figure 8-11. /nteractive inverters are connected to the PV array and supply AC power that is syn- 


chronized with the utility grid. 


Bimodal Inverters. Bimodal inverters can 
operate in either interactive or stand-alone 
mode (though not simultaneously). These 
inverters are connected to the battery bank 
like stand-alone inverters, while the PV ar- 
ray charges the batteries. Sometimes referred 
to as battery-based interactive or multimode 
inverters, bimodal inverters are popular for 
small electrical systems where a back-up 
power supply is required for critical loads such 
as computers, refrigerators, and water pumps 
when a utility power outage occurs. 

Under normal circumstances and when con- 
nected to an energized utility grid, bimodal PV 
systems operate in interactive mode, serving 
on-site loads or sending excess power to the 
grid while keeping the battery fully charged. 


AC Module Inverters. An AC module is à 
PV module that outputs AC power through 
an interactive inverter attached in place of 
the normal DC junction box. AC modules are 
only permitted for interactive operation. The 
module has no accessible DC wiring and is not 
subject to normal DC circuit requirements for 
PV systems, which simplifies system design 
and installation because far fewer components 
are needed. The modularity also makes sys- 
tem changes and expansion relatively easy. 


Multiple AC module inverters are connected 
in parallel to form AC branch circuits. Since 
the inverter electronics must be designed to 
withstand outdoor weather and temperature 
extremes, the units can be relatively expen- 
sive, but in some cases, the savings from not 
purchasing and installing DC components may 
outweigh the additional costs. 

Inverters are also available that operate like 
the inverter portion of fully integrated AC mod- 
ules, but are separate components that must be 
added to individual modules. See Figure 8-12. 
However, while the DC portion of the system 
is minimized, it is still accessible and may be 
subject to some requirements. 


« AC Module Inverters — — 
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Figure 8-12. AC module inverters are small interactive inverters that 


are supplied by a single PV module. 
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Despite their small size, AC module invert- 
ers include many of the sophisticated features 
of larger inverters, such as anti-islanding 
protection, maximum power point tracking, 
and sine wave output. Systems with multiple 
AC module inverters may even keep track of 
the operating status and output of individual 
modules over a data network or power line 
communications interface, though this data 
monitoring requires additional equipment. 


Switching Devices 

Solid-state inverters use electronics to switch 
DC power and produce AC power. There are 
many types of electronic components that 
can perform switching functions. Continuous 
improvements in semiconductor manufactur- 
ing technology and performance are yielding 
lower-cost, higher-power, and higher-speed 
electronic power devices. See Figure 8-13. 


* Switching Devices __ 


Figure 8-13. Solid-state switching devices used in PV inverters include 
transistors and thyristors. 


Thyristors. Some basic solid-state inverter 
designs use thyristors, usually of a type called 
silicon-controlled rectifiers (SCRs). Thyristors 
have three leads. When a small current is ap- 
plied to one lead, the thyristor is turned ON and 
a larger current is allowed to flow between the 
other two, like closing a switch. Otherwise, the 
thyristor is like an open switch and allows no 


current flow. Like a mechanical switch, thyris- 
tors can only be completely ON or completely 
OFF. Large thyristors are used in high-power 
applications up to several megawatts, such as 
in HVDC power transmission. 


Transistors. Most inverters use transistors, 
which are similar in switching capability to 
thyristors, with two main differences. First, 
a small voltage, rather than a current as in 
thyristors, activates the transistor. Second, the 
magnitude of the activating voltage varies the 
transistor's resistance. This means that in ad- 
dition to completely ON or completely OFF, 
transistors can allow every point in between, 
like a dimmer switch. 

There are many kinds of transistors, though 
inverters commonly use metal-oxide semicon- 
ductor field-effect transistors (MOSFETs) or 
insulated gate bipolar transistors (IGBTs). 
Power MOSFETs operate at lower voltages 
with higher efficiency and lower resistance 
than IGBTs. MOSFETs switch at very high 
speeds, up to 800 kHz, and are generally used 
in 1 kW to 10 kW applications. IGBTs handle 
high current and voltage, but switch at lower 
speeds, up to 20 kHz, and are more common 
for large, high-voltage applications that may 
exceed 100 kW. 


Switching Control 


Each switching device in an inverter requires 
a control circuit to activate the switching func- 
tion. Some circuits are designed to regulate 
switching automatically from an external signal, 
while others use microprocessors for timing 
and control. 


Line Commutation. In the simplest inverter 
designs, switching is controlled automatically 
by an external source, such as utility power. A 
line-commutated inverter is an inverter whose 
switching devices are triggered by an external 
source. Line-commutated inverters alternately 
turn the switches ON and OFF by the positive 
and negative half-cycles of the utility voltage, 
automatically synchronizing the inverter output 
to the utility. See Figure 8-14. Line-commutated 
inverters use a simple and effective design, but 
cannot operate independently of the grid. 


i line Commutation 


POSITIVE HALF-CYCLE 
SWITCHES TURNED OFF; 
NEGATIVE HALF-CYCLE 
SWITCHES TURNED ON 


SWITCHING 
SIGNAL 


POSITIVE HALF-CYCLE 
SWITCHES TURNED ON; 
NEGATIVE HALF-CYCLE 
SWITCHES TURNED OFF 


EXTERNAL 
SYNCHRONIZING 
SIGNAL 


Figure 8-14. Line-commutated inverters use an 
external AC signal to activate and deactivate the 
inverter switching devices. 


Self-Commutation. A self-commutated in- 
verter is an inverter that can internally control 
the activation and duration of its switching. 
Self-commutated inverters can operate either 
interconnected with or independent of utility 
power. This is accomplished by incorporating 
microprocessors for precise timing and con- 
trol. Compared to line-commutated inverters, 
self-commutated inverters can better control 
AC waveform output, adjust power factor, 
and suppress harmonics. Most PV inverters 
manufactured today are self-commutated 
inverters. 

Self-commutated inverters are either 
voltage-source or current-source types. A 
voltage-source self-commutated inverter 
treats the DC input as a voltage source and 
produces an AC voltage output. A current- 
source self-commutated inverter treats the 
DC input as a current source and produces an 
AC current output. Stand-alone and bimodal 
inverters are typically of the voltage-source 
type. Most interactive-only inverters are of 
the current-source type. 
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Square Wave Inverters 


There can be multiple processing steps to 
convert DC power into sine wave AC power. 
The first step in the inverting process is to 
switch the DC power back and forth to create 
AC power, producing a square wave. If an 
inverter performs only this step, it is a square 
wave inverter. Square wave output is not 
very efficient and can be detrimental to some 
loads. More-sophisticated inverters add further 
processing after this step to produce modified 
square waves or sine waves. 

Switching circuits are typically designed 
symmetrically. One side of the circuit includes 
devices to switch and control DC input into the 
positive half-wave of the AC output. The other 
side switches and controls a reversed polarity 
of the DC input into the negative half-wave of 
the AC output. Two circuit designs for produc- 
ing square wave output are H-bridge circuits 
and push-pull circuits. 


H-Bridge Inverter Circuit. An H-bridge 
inverter circuit is very similar to a full-wave 
rectifying circuit, but the two circuits perform 
opposite functions. An H-bridge inverter cir- 
cuit is a circuit that switches DC input into 
square wave AC output by using two pairs of 
switching devices. One pair is open while the 
other pair is closed. The two pairs alternate 
states to change the direction of the DC current 
flow through the circuit's output. See Figure 
8-15. This design is known as an H-bridge 
inverter because the switching array can be 
drawn in an “H” shape in a circuit diagram. 


Inverters control high-power switching devices with low-power electronics to 
produce AC output. 
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Figure 8-15. H-bridge inverter circuits use two 
pairs of switching devices to direct a DC input to 
the output in both directions. 


Push-Pull Inverter Circuit. A push-pull in- 
verter circuit is a circuit that switches DC input 
into AC output by using one pair of switching 
devices and a center-tapped transformer. The 
circuit gets its name from the backward and 
forward current flow through the circuit. See 
Figure 8-16. First, the top switch closes, allow- 
ing current to flow from the DC source through 
the transformer and back in a clockwise loop. 
Then, the top switch is opened and the bot- 
tom switch is closed. The current flows again 
from the DC source, this time in a counter- 
clockwise loop. The alternating current in the 
primary winding of the transformer is in the 
shape of a square wave, which induces a simi- 
lar AC output in the secondary winding. 

A switching device can be shorted across 
the output winding to zero the transformer 
output during part of each half-cycle. This cre- 
ates an additional step in the output waveform, 
resulting in a modified square wave. 


t Push-Pull Inverter Circuits 
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Figure 8-16. Push-pull inverter circuits use one 
pair of switching devices and a transformer to 
alternate the direction of direct current. 


Low-Frequency Waveform Control 


The simple square wave output from inverter 
circuits can be further refined to improve sine 
wave approximation. By adjusting the dura- 
tion of the alternating square pulses, the output 
becomes a modified square wave. Transformers 
are used to step the input voltage up to output 
voltage levels. For shorter pulses, the peak volt- 
age is stepped higher. See Figure 8-17. To create 
a multistepped modified square wave, multiple 
square wave inverter stages are operated in par- 
allel. The outputs are then combined to produce 
a stepped waveform that more closely matches 
a true sine wave. See Figure 8-18. 

Inverters that use this method are called 
low-frequency inverters because the frequen- 
cies of these waveforms are still only 60 Hz. 
While they are simple, low-frequency inverters 
use very heavy transformers and are less ef- 
ficient than higher-frequency designs. 
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Figure 8-17. Square waves can be modified 
by adjusting the duration and magnitude of the 
pulses. 


« Multistepped Modified Square Waves 
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Figure 8-18. Combining multiple modified square 
waves with different magnitudes and durations 
results in a multistepped modified square wave 
that more closely approximates a sine wave. 


High-Frequency Waveform Control 


Pulse-width modulation (PWM) control is 
used to create a sine wave inverter output. 
Pulse-width modulation (PWM) is a method 
of simulating waveforms by switching a se- 
ries device ON and OFF at high frequency and 
for variable lengths of time. When the pulses 
are narrow, the current is OFF most of the 
time, which simulates a low voltage. When 
pulses are wide, the current is ON most of 
the time, which simulates a high voltage. See 
Figure 8-19. Some PWM methods also adjust 
frequency by spacing narrow pulses farther 
apart and wide pulses closer together. 


& High-Frequency Pulse-Width Modulation 


Figure 8-19. Pulse-width modulation at high frequencies generates the 
truest approximation of a sine wave. 


By using very high frequencies and gradual 
changes in pulse width, loads are less affected 
by abrupt changes in voltage. Most loads 
operate as if PWM output were a true sine 
wave. High- frequency switching and power 
conversion also reduces harmonics in output 
current, which reduces the size and weight 
of the transformers. Pulse-width modulation, 
along with advancements in digital controls 
and microprocessors, has resulted in very ef- 
ficient inverter designs. 

High-frequency inverters use a DC-DC 
converter to step DC input voltage up to higher 
levels or use higher-voltage DC arrays. The 
DC power is then inverted to AC power at 
high frequency without the need for a large 
transformer. Pulse-width modulation is then 
the final switching stage to produce 60 Hz sine 
wave AC power. 
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Transformers are used within inverters and power conditioning units to raise or 
lower AC voltages and provide electrical isolation. 


POWER CONDITIONING UNITS 


The physical enclosure that is referred to as an 
inverter is actually often a power conditioning 
unit (PCU). Power conditioning units perform 
one or more power processing and control 
functions in addition to inverting, such as 
rectification, transformation, DC-DC conver- 
sion, and maximum power point tracking. 
See Figure 8-20. These functions can also be 
performed by separate components, but this 
is usually not necessary. Power conditioning 
units may include system-monitoring capabili- 
ties and protective features such as disconnects 
and overcurrent protection equipment. 
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Figure 8-20. Power conditioning units are invert- 
ers that also perform other power control and 
conversion functions. 


Rectifiers 

A rectifier is a device that converts AC power 
to DC power. Rectifiers are used in battery 
chargers and DC power supplies operating 
from AC power. Many stand-alone and hybrid 
PV inverters include multifunction, program- 
mable battery chargers with the same charge 
control and regulation algorithms as separate 
battery charge controllers. 


Transformers 


A transformer is a device that transfers energy 
from one circuit to another through magnetic 
coupling. A transformer consists of two or 
more coupled windings and a core. Current 
in one winding creates a magnetic flux in the 
core, which induces voltage in the other wind- 
ing. Transformers are used to convert between 
high and low AC voltages, change impedance, 
and provide electrical isolation and voltage 
regulation. See Figure 8-21. 
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Figure 8-21. Transformers use induced magnetic 
fields to transfer AC power from one circuit to 
another while transforming the power to higher or 
lower voltages or providing electrical isolation. 


Transformers cannot convert between DC 
and AC, change the voltage or current of a 
DC source, or change the frequency of an AC 
source. However, transformers are integral 
components of devices that perform these 
functions, including inverters. 

The ratio of the number of turns in the 
windings of a transformer (turns ratio) de- 
termines how voltage and current are stepped 
up or down. For example, a transformer with 
a 1:10 turns ratio will step an input voltage 
up 10 times. Since the power must remain 
the same (neglecting small losses), the cur- 
rent must be stepped down to one-tenth of 
the input current. Therefore, a 12 V input at 
20 A would be transformed to a 120 V output 
at 2 A. 

An autotransformer is a transformer with 
only one winding and three or more taps. See 
Figure 8-22. The voltage source is applied to 
two taps and the load is connected to two taps, 
one of which is a common connection with 
the source. Each tap corresponds to a different 
source or load voltage. In an autotransformer, 
a portion of the same winding acts as part of 
both the primary and secondary windings. 
Autotransformers are an economical and 
compact way to adjust a voltage up or down 
slightly. For example, an autotransformer 
can be used to convert 240 V output from 
an inverter to 208 V for interconnection to a 
residential system. Unlike transformers with 
multiple windings, autotransformers do not 
provide electrical isolation. 
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Figure 8-22. The primary and secondary wind- 
ings in an autotransformer share some of the 
same windings. 
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DC-DC Converters 


A DC-DC converter is a device that changes 
DC power from one voltage to another. Mod- 
ern switched-mode DC-DC converters use 
high-frequency switching and transformers to 
convert DC power to a different voltage, either 
higher or lower than the source voltage. These 
devices are lightweight and efficient, and 
because they use transformers, they provide 
circuit isolation. A buck converter is a step- 
down DC-DC converter. A boost converter is 
a step-up DC-DC converter. 

Many PV inverters use DC-DC converters 
to change the DC input from low voltage to 
high voltage prior to the power-inverting pro- 
cess. Also, external DC-DC converters may be 
used on battery-based systems to deliver DC 
voltage at levels other than the nominal battery 
voltage. Maximum power point trackers are a 
form of DC-DC converter. DC-DC converters 
are characterized by their power rating, input 
and output voltages, and their power conver- 
sion efficiency. 


Maximum Power Point Trackers 


A maximum power point tracker (MPPT) is 
a device or circuit that uses electronics to 
continuously adjust the load on a PV device 
under changing temperature and irradiance 
conditions to keep it operating at its maximum 
power point. Since they are connected directly 
to the array, all interactive inverters include 
MPPT circuits. 

In some system designs with multiple arrays, 
individual MPPTs are connected to each input 
source circuit to allow the inverter to extract 
maximum output. This improves performance 
if the arrays have different I-V characteristics or 
are oriented in different directions. As the cur- 
rent output for these arrays varies, the individual 
MPPTs optimize each array output. 

Stand-alone inverters do not directly oper- 
ate or control the array, so they do not normally 
include MPPT circuits. However, MPPT bat- 
tery charge controllers can interface between 
an array and the battery bank that is powering 
a stand-alone inverter. This MPPT application 
can improve array battery-charging potential, 
but does not affect operation of the inverter. 
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INVERTER FEATURES AND 
SPECIFICATIONS 


PV system inverters include a number of basic 
and optional features. Inverter specifications 
include performance data, operating limits, 
installation requirements, safety, and main- 
tenance. This information is found on the in- 
verter nameplate and in the product manuals. 


Listing and Certifications 


Inverters installed in PV systems are required 
to conform to certain standards for product list- 
ing and certifications. These include the safety 
standard UL 1741 as well as certifications for 
EMI under FCC Part 15. Inverters must include 
a listing mark on their nameplate label. See 
Figure 8-23. Inverters not marked as interactive 
inverters are not permitted to operate in utility- 
interconnected applications. 
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Figure 8-23. Inverter nameplates include much 
of the needed information for sizing and operat- 
ing the inverter. 


UL 1741 Inverters, Converters, Controllers 
and Interconnection System Equipment for Use 
with Distributed Energy Resources addresses 
requirements for all types of distributed gen- 
eration equipment, including inverters and 
charge controllers for PV systems. IEEE 1547 
Standard for Interconnecting Distributed Re- 
sources with Electric Power Systems, and IEEE 


1547.1 Standard Conformance Test Procedures 

for Equipment Interconnecting Distributed 
Resources with Electric Power Systems are 
the basis for UL 1741 listing for interactive 
inverters. 


Installation 


National codes and standards dictate the safety 
and installation requirements for inverters 
used in PV systems. Inverter installation re- 
quirements are governed by the NEC? Article 
690, “Solar Photovoltaic Systems" and other 
applicable sections of the NEC®, including 
overcurrent protection devices, disconnects, 
grounding, and utility-interconnection. Many 
of these requirements are based on equipment 
standards and listing requirements for interac- 
tive inverters under UL 1741. Most inverter 
manufacturers also provide details on require- 
ments for code-compliant installation in their 
product manuals. 


Power Ratings 


The principal inverter specification is the out- 
put power rating. In the case of stand-alone 
inverters, the power rating limits the power it 
can deliver to AC loads. For an interactive in- 
verter, the output power rating limits the power 
it can handle at its DC input, which limits the 
size of the PV array. 

Interactive inverters are available from many 
manufacturers in power ratings from 700 W 
for small residential units to over 500 kW for 
large commercial and utility-scale installations. 
Stand-alone inverters are available in sizes down 
to about 50 W, but are commonly in the 3 kW 
to 6 kW range. Exceedingly large battery banks 
and high currents limit stand-alone inverters to 
a maximum of about 50 kW for large remote- 
power installations. 


Temperature Limitations. Solid-state switch- 
ing devices are capable of handling only so much 
current before they overheat and fail. Paralleling 
switching devices in the design increases the 
power rating of an inverter. However, thermal 
management in electronic inverters is still a 
major concern, and temperature is the primary 
limiting factor for inverter power ratings. 


Manufacturers specify a permissible operat- 
ing temperature range for their inverters, such 
as —20?C to +50°C. Inverters may deal with 
excessive operating temperature in several 
ways. Many inverters use heat sinks and/or 
ventilation fans to regulate temperature. 

Interactive inverters control high tempera- 
tures by limiting the array power delivered 
to the inverter. The inverter forces the array 
operating point from maximum power to a 
higher operating voltage (toward open-circuit 
voltage), reducing power and current levels. 
See Figure 8-24. Once the inverter temperatures 
stabilize, the array is again loaded to its full 
power output. At the higher input voltage, the 
power output falls below the inverter's rating. 


» Power Output Limiting 
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Figure 8-24. At high temperatures, an interac- 
tive inverter may limit current input by raising 
the input voltage, which also lowers power input 
and output. 


If the temperature or load limits are exceed- 
ed, inverters limit or disconnect their output. 
Most stand-alone inverters shut down or inter- 
nally disconnect the AC output if load limits 
are exceeded. Otherwise overcurrent devices 
trip if the AC output is excessively loaded. The 
load must then be decreased (manually) before 
the inverter can be restarted. 


Voltage Ratings 

Inverter performance is strongly associated 
with operating voltages. Voltage ratings are 
given for the AC output and DC input circuits, 
and may apply to stand-alone and interactive 
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inverters in different ways. Voltage specifica- 
tions are typically given as a range, with mini- 
mum and maximum limits for operation. 


AC Output. Inverter AC output interfaces with 
either the utility grid or with electrical loads 
and appliances, so inverter voltage ratings are 
consistent with normal utility voltage stan- 
dards. Smaller inverters (less than 6 kW) typi- 
cally produce an AC output voltage of 120 V 
or 240 V nominal single-phase. Larger invert- 
ers produce 208 V, 277 V, or 480 V nominal 
three-phase AC output. Some inverters can be 
configured for a variety of output voltages at 
the time of installation. 

For interactive inverters, AC voltage output 
must be maintained at -10% to +5% of the 
nominal system voltage. In the case of 120 V 
nominal output, this is a range from 108 V to 
126 V. Variations may occur in supply voltage. 
If the inverter senses that voltage is out of range 
for more than 30 seconds (1800 cycles), the 
AC output disconnects within 10 cycles. If the 
voltage varies more than -30% or +10% for 
10 cycles, the inverter must disconnect within 
10 cycles. This standard reduces the potential 
for islanding. Additionally, voltage flicker shall 
not be allowed to exceed a 3% voltage sag, 
in accordance with IEEE 519 Recommended 
Practice and Requirements for Harmonic 
Control in Electrical Power Systems. Inverter 
specifications may include RMS output volt- 
age regulation. 


MOSFET switching devices can become so hot when switching high currents 
that they must be bonded to large metal heatsinks. 
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DC Input. DC input voltage ratings are based 
on the operating characteristics of either a 
battery bank (for stand-alone inverters) or 
a PV array (for interactive inverters). Small 
stand-alone inverters are designed to operate 
from nominal 12 V lead-acid batteries, or mul- 
tiples thereof. These inverters operate within 
a relatively narrow voltage range, between 
11 V and 16 V, based on actual battery volt- 
ages during normal charging and discharging 
conditions. For AC output power levels over 
1 kW, 12 V inputs are impractical, because 
increased currents require larger and more 
expensive conductors and switchgear. Instead, 
battery banks for larger systems are designed 
to deliver nominal 24 V (actual range 22 V to 
32 V) or 48 V (44 V to 64 V) or higher. 

For interactive inverters, the DC input 
voltage requirements are more complex. 
Minimum and maximum voltage limits are 
given for inverter operation and another, nar- 
rower voltage range within which the inverter 
will properly track maximum power from the 
array. See Figure 8-25. Minimum operating 
voltages are required to perform basic inverter 
functions and produce an output with sufficient 
peak and RMS voltage. Below this level, the 
inverter will not start or operate. Maximum 
DC voltage avoids exceeding the inverter's 
voltage-handling capability, and most are 
limited to less than 600 V for product listing 
and code compliance reasons. 


* DC Input Voltage Ranges 
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Figure 8-25. Most inverters operate from a rela- 
tively wide range of input voltages, but the range 
for MPPT operation is smaller. 


There is often a fixed relationship between 
the utility voltage and the array voltage that 
the inverter MPPT will track. The required 
array voltage increases with increasing grid 
voltage, and the array must have maximum 
power voltage in this range to permit MPPT 
operation. See Figure 8-26. 
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Figure 8-26. /n order to output AC voltage within 


the specified range, the DC input voltage must 
meet certain minimum values. 


Some interactive inverters have a large 
range of DC input voltages, allowing many 
array sizes and configurations. The DC volt- 
age from an array is also affected by ambient 
temperature, which complicates sizing. Many 
inverter manufacturers offer string sizing soft- 
ware to determine the minimum and maximum 
number of series-connected modules for proper 
inverter operation. These tools, many available 
online, include databases of commercial PV 
module specifications and the manufacturer's 
inverter ratings. Based on the chosen module 
information and user-inputted minimum and 
maximum ambient temperatures for the loca- 
tion, the allowable array configurations are 
displayed. The highest possible array voltages 
for the site's record low temperature influence 
the maximum number of modules. Conversely, 
a minimum number of modules must be con- 
nected in series to achieve sufficient operating 
voltages under the hottest conditions. A table of 
results shows how array maximum open-circuit 
voltage varies by number of modules and ambi- 
ent temperature. 


Frequency Ratings 

Inverters for North American markets are 
designed to produce 60 Hz, while inverters 
for Europe, Asia, and other parts of the world 
produce 50 Hz. Loads and systems are more 
sensitive to variations in frequency than volt- 
age, so only a small variation is allowed from 
the nominal operating frequency. For nominal 
60 Hz operation, the AC output frequency must 
be maintained between 59.3 Hz and 60.5 Hz. 


Current Ratings 


Inverters are rated for operating and maximum 
allowable AC and DC currents, which are 
determined by the current-handling capabili- 
ties of the switching devices. For the DC side, 
current ratings limit the PV array or battery 
current that can be applied to the inverter. On 
the AC side, current ratings limit the AC load 
for stand-alone inverters and the AC current 
output for interactive inverters. 

Maximum continuous AC output and DC 
input current ratings are given at a reference 
temperature, and are the basis for sizing con- 
ductors, switchgear, and overcurrent protection 
for the input and output circuits. DC input cur- 
rent for some interactive inverters decreases 
with increasing DC input voltage in order to 
limit inverter output power. See Figure 8-27. 


* DC Input Current 
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shorted or overloaded circuit. Inverter speci- 
fications sometimes include requirements for 
external AC and DC overcurrent protection de- 
vices, usually based on 125% of the maximum 
continuous rated currents. This equipment 
is provided for some inverters as part of the 
power conditioning unit. 


Stand-alone inverters draw high DC input 
currents from low-voltage battery banks, espe- 
cially at low battery voltages (state of charge). 
Special circuit design requirements apply to 
these inverters. 


SMA Technologie AG 
Inverters for large, building-integrated PV arrays, such as curtain-wall skylights, 
are fully incorporated into the electrical infrastructure of the building. 
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Figure 8-27. Inverters may limit maximum DC 
input current with increasing DC input voltage. 


Maximum AC output fault currents may 
also be specified, and represent the maximum 
current that an inverter can deliver into a 


Surge Capability. Inverters operating from 
batteries can deliver high surge and in-rush 
currents for short periods. Many motors re- 
quire surge current at startup of as much as 6 
to 10 times the normal operating current. Surge 
capability is given as a maximum AC output 
current for an amount of time, for example 
78 A for 100 ms. This may contrast with a 
continuous rated output current, such as 33 A. 
Interactive inverters operating from PV arrays 
cannot produce surge current because they 
are loaded by the current-limited PV source. 
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Harmonics 

Utility-interactive inverters must maintain ac- 
ceptable limits of harmonic distortion at the 
utility interconnection. In accordance with 
IEEE 519, total harmonic distortion shall 
not exceed 5%, and any individual harmonic 
shall not exceed 3%. Interactive inverters are 
required to de-energize from the grid if these 
limits are exceeded. 


Power Factor 


Interconnection standards require interactive 
inverters to maintain an output power factor 
between 0.95 leading and 0.95 lagging. Most 
interactive inverters produce AC output with a 
power factor of 1 under all conditions. Output 
power factor for stand-alone inverters is a func- 
tion of the load, which may or may not operate 
with a power factor of 1. 


Harmonic distortion is used to create waveforms of certain 
shapes. The sum of a series of each integer sine wave har- 
monic produces a waveform with a sawtooth shape. The sum 


of a series of odd-numbered harmonics produces a square 
waveform. The sum of a series of odd-numbered harmonics 
with every (4n-1)th harmonic inversed produces a waveform 
with a triangle shape. 


Efficiency 


Inverter efficiency is the effectiveness of an 
inverter at converting DC power to AC power. 
Some input power is used to operate the invert- 
er and some is lost as heat in the switching and 
power conversion processes. Stand-by losses 
are the power required to operate inverter 
electronics and keep the inverter in a powered 
state. Output power depends on the waveform 
shape. Therefore, the output power is always 
less than the input power. Inverter efficiency is 
calculated with the following formula: 


= P AC 
tls un P 
DC 
where 


N; = inverter efficiency 
P c = AC power output (in W) 
P pc = DC power input (in W) 


For example, what is the efficiency of an 
inverter that produces 2000 W of AC output 
from 2200 W of DC input? 


= la 

inv pF 
_ 2000 
Tw = 5500 


Nim = 0.91 or 91% 


Most interactive PV inverters are rated 90% 
to 95% efficient. Quality stand-alone inverters 
producing sine wave output have peak efficien- 
cies of about 90%. Lesser-quality modified 
sine wave inverters may have efficiencies as 
low as 75% to 85%. In general, high-frequency 
and high-voltage inverters are more efficient 
than lower-voltage inverters operating at low 
frequency. 

Inverter efficiency is primarily affected 
by the inverter load. In stand-alone inverters, 
the AC load defines the inverter load, and for 
interactive inverters, the PV array defines 
the load. Efficiency can also be affected by 
inverter temperature and DC voltage input. 
Inverter stand-by losses are nearly constant for 
all output power levels, so efficiency is lower 
for low power outputs. See Figure 8-28. Some 
modified square wave stand-alone inverters 
reach peak efficiency at levels well below their 
maximum rated power output. Most interactive 
inverters maintain high efficiency over a wide 
operating range. 
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Figure 8-28. Most sine wave inverters maintain high 
efficiency over a wide operating-power range. 


Protective Devices 


Most inverters include devices to protect the 
inverter and connected equipment from dam- 
age from excessive temperatures, currents, or 
power levels. See Figure 8-29. For example, 
stand-alone inverters disconnect themselves 
if DC input voltages become too low, such as 
from a discharged battery, preserving AC out- 
put power quality and preventing the inverter 
from drawing excessive currents. Nearly all 
interactive inverters include ground-fault 
protection. Since most inverters include trans- 
formers, they also provide isolation between 
the DC power source and utility grid or AC 
output. Many include voltage surge suppres- 
sion on the DC and/or AC sides. Even when 
inverters do include these devices, additional 
equipment may still be required. 


* Protective Devices _ 
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Figure 8-29. /nverter enclosures may include 
protective devices such as circuit breakers. 


All interactive inverters must employ pro- 
tective devices for the utility interface, based 
on the specified limits of grid operations. 
These inverters monitor voltage, frequency, 
power factor, and other parameters, and control 
output accordingly. If the voltage or frequency 
of the utility power exceeds preset limits, or a 
potential islanding condition exists, interactive 
inverters are required to cease interconnected 
operations. Once the utility parameters have 
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stabilized within acceptable limits for at least 
5 minutes, the inverter automatically resumes 
operation. 


Physical Characteristics 


Physical specifications include the size, 
weight, and mounting requirements. Low- 
voltage, low-frequency inverter designs use 
heavy transformers, so 5 kW inverters may 
weigh as much as 200 Ibs. Special mounting 
requirements may apply to these inverters. 
High-frequency inverters use smaller trans- 
formers, so they weigh considerably less for 
equivalent power ratings. Other physical and 
mechanical characteristics may be provided 
and applicable to installation. 


Data and Control Interfaces 


Most modern inverters incorporate micro- 
processors, and many provide features for 
data monitoring and communications. Inter- 
faces may include displays and controls on 
the inverter itself, while others interface with 
remote units or computers. Status or values 
can be indicated by LEDs, alphanumeric LCD 
displays, or graphical LCD displays. Some 
systems interface with computer software for 
processing raw data and automatically generat- 
ing charts, graphs, or graphical displays. See 
Figure 8-30. When connected to a web server, 
this information can be published on a web 
site. These systems are particularly flexible for 
storing and processing system data. 

Inverter interfaces typically provide basic 
system information, including interconnec- 
tion status, AC output voltage and power, 
DC input voltage, MPPT status, error codes, 
fault conditions, and other parameters. Many 
inverters record energy production on daily 
and cumulative bases. 

Inverter operation parameters are generally 
not field-adjusted, since this could affect criti- 
cal safety features and operating limits. How- 
ever, other power conditioning functions may 
allow operator control or adjustment, such as 
battery charger and charge controller settings 
and the operation and control of generators 
and other power sources, allowing flexibility 
for a variety of applications. 
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Figure 8-30. /nverter interfaces include on-board screens, remote data monitors, and computerized data acquisition and 
processing software. 


* Sine waves, square waves, and modified square waves are common AC waveforms produced by inverters. 


* Sine waves are the most complicated type of AC waveform for inverters to produce, so some less-sophisticated 
inverters approximate the sine wave with square waves and modified square waves. 


* Static (solid-state) inverters change DC power to AC power using electronics, so they have no moving parts 
and are very efficient. 


* AC module inverters are small inverters that take the place of a DC junction box on a PV module. 
* Inverters use thyristors and transistors to switch DC power and produce AC power. 


* Line-commutated inverters use an external signal to control the switching devices, while self-commutated 
inverters include microprocessors for precise timing and control of the switching devices. 


* By adjusting the duration of the alternating pulses, a square wave becomes a modified square wave. 
* Pulse-width modulation (PWM) is used to construct the closest approximation of a sine wave. 


* Power conditioning units perform one or more power processing and control functions in addition to invert- 
ing, such as rectification, transformation, DC-DC conversion, and maximum power point tracking. 


* Transformers are used to convert between high and low AC voltages, change impedance, and provide electri- 
cal isolation and voltage regulation. 


* The principal inverter specification is the power rating. 
* Temperature is the primary limiting factor for inverter power ratings. 


* DC input voltage ratings are based on the operating characteristics of either a battery bank (for stand-alone 
inverters) or a PV array (for interactive inverters). 


* Operating and maximum allowable AC and DC current ratings are determined by the current-handling ca- 
pabilities of switching devices used in the inverter. 


* Most inverters include features to protect the inverter and connected equipment from damage from excessive 
temperatures, currents, or power levels. 
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Definitions 


Direct current (DC) is electrical current that flows in one direction, either positive or negative. 
Alternating current (AC) is electrical current that changes between positive and negative directions. 
A waveform is the shape of an electrical signal that varies over time. 

A periodic waveform is a waveform that repeats the same pattern at regular intervals. 

A cycle is the interval of time between the beginnings of each waveform pattern. 


A sine wave is a periodic waveform the value of which varies over time according to the trigonometric sine 
function. 


A sinusoidal waveform is a waveform that is or closely approximates a sine wave. 


A square waye is an alternating current waveform that switches between maximum positive and negative 
values every half period. 


A modified square wave is a synthesized, stepped waveform that approximates a true sine wave. 
Frequency is the number of waveform cycles in one second. 

Period is the time it takes a periodic waveform to complete one full cycle before it repeats. 

Peak is the maximum absolute value of a waveform. 

Peak-to-peak is a measure of the difference between positive and negative maximum values of a waveform. 
The root-mean-square (RMS) value is a statistical parameter representing the effective value of a waveform. 


Power quality is the measure of how closely the power in an electrical circuit matches the nominal values 
for parameters such as voltage, current, harmonics, and power factor. 


Voltage unbalance is the unbalance that occurs when the voltages of a three-phase power supply or the 
terminals of a three-phase load are not equal. 


Single phasing is the complete loss of one phase on a three-phase power supply. 


Current unbalance is the unbalance that occurs when current is not equal on the three power lines of a 
three-phase system. 


Phase unbalance is the unbalance that occurs when three-phase power lines are more or less than 120? out 
of phase. 


A harmonic is a waveform component at an integer multiple of the fundamental waveform frequency. 


Total harmonic distortion (THD) is the ratio of the sum of all harmonic components in a waveform to the 
fundamental frequency component. 


A resistive load is a load that keeps voltage and current waveforms in phase. 
True power is the product of in-phase voltage and current waveforms and produces useful work. 


A reactive load is an AC load with inductive and/or capacitive elements that cause the current and voltage 
waveforms to become out of phase. 


Reactive power is the product of out-of-phase voltage and current waveforms and results in no net power flow. 


Power factor is the ratio of true power to apparent power and describes the displacement of voltage and 
current waveforms in AC circuits. 
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Apparent power is a combination of true and reactive power and is given in units of volt-amperes (VA). 
An inverter is a device that converts DC power to AC power. 


An AC module is a PV module that outputs AC power through an interactive inverter attached in place of 
the normal DC junction box. 


A line-commutated inverter is an inverter whose switching devices are triggered by an external source. 
A self-commutated inverter is an inverter that can internally control the activation and duration of its switching. 


An H-bridge inverter circuit is a circuit that switches DC input into square wave AC output by using two 
pairs of switching devices. 


A push-pull inverter circuit is a circuit that switches DC input into AC output by using one pair of switching 
devices and a center-tapped transformer. 


Pulse-width modulation (PWM) is a method of simulating waveforms by switching a series device ON and 
OFF at high frequency and for variable lengths of time. 


A rectifier is a device that converts AC power to DC power. 
A transformer is a device that transfers energy from one circuit to another through magnetic coupling. 
A DC-DC converter is a device that changes DC power from one voltage to another. 


A maximum power point tracker (MPPT) is a device or circuit that uses electronics to continually adjust 
the load on a PV device under changing temperature and irradiance conditions to keep it operating at its 
maximum power point. 


Inverter efficiency is the effectiveness of an inverter at converting DC power to AC power. 


Stand-by losses are the power required to operate inverter electronics and keep the inverter in a powered state. 


Review Questions 


10. 
11. 


- Why is sine wave output the preferred inverter output? 

- How do modified square wave inverters compare with square wave inverters in terms of power quality? 
- How is power quality relevant to inverter output? 

. Compare the basic system configurations of stand-alone, interactive, and bimodal inverters. 

. What are the similarities and differences between thyristors and transistors? 

. Why can line-commutated inverters not be used in stand-alone systems? 


. How does higher-frequency control result in a better approximation of a true sine wave? 


How are inverters different from power conditioning units? 


. Why is it important for inverters to manage their temperature? 


How do stand-by losses affect inverter efficiency for various power levels? 


What types of system operating information are typically provided by inverter interfaces? 


seperti IUVENI AEE SEE EE TCE ECOL 
Objectives 


e Differentiate between the approaches and methodologies for sizing different types of PV systems. 
e Understand the primary factors that affect system sizing. 

e Determine the system energy and power requirements from a load analysis. 

e Calculate the critical design parameters based on monthly load and insolation information. 
Calculate the size and configuration of the battery bank based on system requirements. 
Calculate the size and configuration of the array based on system requirements. 


* 


LÀ 


230 Photovoltaic Systems 


SIZING METHODOLOGIES 


When describing PV systems, it is logical to 
follow the energy flow from the array side to 
the loads. However, when sizing a PV system, 
itis necessary to consider the energy demand 
before considering the supply. Therefore, 
PV-system sizing, particularly for stand- 
alone systems, starts at the load side and 
proceeds backward to the array. See Figure 
9-1. The objective is to first determine the 
requirements of the system loads and then 
to determine the size of the inverter, battery 
bank, and array that are needed to meet the 
requirements. 

Since there are many possible PV-system 
configurations, each with different modes of 
operation and priorities, the approach and 
methodology used to size these systems may 
differ. There may also be a difference in the 
sizing tolerance; some systems may need to 
be sized more carefully than others. 


Sizing Interactive Systems 

Interactive systems require relatively simple 
calculations and allow the widest variance in 
component sizing. Since interactive systems 
operate in parallel with utility service, sizing 
is not critical because failure of the PV system 
to produce energy does not affect operation 
of electrical loads. Additional energy can be 
imported from the utility at any time. 


* Sizing Strategy for Stand-Alone Systems _ 
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Figure 9-1. Sizing strategy for stand-alone systems Starts at the load side and proceeds backward to the array. 


Sizing interactive systems begins with the 
specifications of a PV module chosen for the 
system. Module ratings at Standard Test Con- 
ditions (STC) are used to calculate the total 
expected array DC power output per peak sun 
hour. This is then derated for various losses and 
inefficiencies in the system, which includes 
the following: 

* Guaranteed module output that is less than 

10096 
* Array operating temperature 
* Array wiring and mismatch losses 
* Inverter power conversion efficiency 
* Inverter MPPT efficiency 

The result is a final AC power output that is 
substantially lower but realistically accounts 
for expected real-world conditions. See Fig- 
ure 9-2. To determine the expected energy 
production per day, the final AC power output 
is multiplied by the insolation for the month 
or year. For example, if the calculated AC 
power output is 2140 W per peak sun hour and 
the average annual insolation is 5.1 peak sun 
hours (kWh/m/’/day), then the average energy 
production is expected to be 10.9 kWh/day. 

If the final system power output is not with- 
in the desired range, such as above a minimum 
size requirement for an incentive program, 
different module and/or inverter choices can 
be made. Also, various system configurations 
can be compared with their associated system 
costs for a value-based analysis. 
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INTERACTIVE SYSTEM SIZING 


PV-Module Rated DC Power Output w 
Manufacturer Power Guarantee | 0.90] 
Number of Modules in Array 
Array Guaranteed Power Output 2664 W 
Array Avg Operating Temperature x 
Temperature Coefficient for Power | -Q.004|^C 
Temperature-Corrected 2398 W 
Array Power Output 
Array Wiring and Mismatch Losses 
Net Array Power Output 2326 W 
Inverter Maximum DC Power Rating 2500IW 
Inverter Power Conversion Efficiency 
Inverter MPPT Efficiency 
Inverter Maximum AC Power Output 2140 W 
Average Daily Insolation PSH/day 
Average Daily Energy Production 10.9 kWhiday 


Figure 9-2. Sizing interactive systems begins 
with calculating the peak array DC power output, 
which is then derated for various losses and in- 
efficiencies in the system to arrive at a final AC 
power output. 
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* Sizing Interactive Systems. 
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: i , den. d Figure 9-3. /nteractive-system sizing is very flexible because the utility 
l The size of an interactive system 1s primar- — can supply extra energy to the system loads and receive excess energy 
ily limited by the space available for an array from the PV system. 
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NE SESS Sizing Stand-Alone Systems 


also influence system size decisions. Even if 
short-term periods of high insolation or low 
demand result in excess electricity, it is not 
wasted because it can be sold back to the util- 
ity for credit against subsequent utility bills. 
See Figure 9-3. 

The only exception is a system that is so 
large that it maintains a net energy export 
over several months or more. 


electricity at lower wholesale rates, it is not 
recommended to size an interactive system 
larger than needed for average annual on-site 
load requirements. However, since the avail- 
able space usually cannot accommodate an 
array this large, this is rarely an issue. 


Stand-alone PV systems are designed to power 
specific on-site loads, so the size of these 
systems is directly proportional to the load 
requirements. If the system is too small, there 
will be losses in load availability and system 
reliability. See Figure 9-4. If the system is 
too large, excess energy will be unutilized 
and wasted. Therefore, sizing of stand-alone 
systems requires a fine balance between energy 
supply and demand. 

Because of this necessary balance, sizing 
stand-alone systems requires more analysis 
and calculations than are required for interac- 
tive systems. Most of these calculations build 
upon one another as the analyses proceed. 
Moreover, sizing stand-alone systems is an it- 
erative process. That is, if the final calculations 
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indicate that the components are improperly 
sized, the starting values must be changed and 
the calculation process repeated until the sys- 
tem output matches the load requirements. 


* Sizing Stand-Alone Systems 
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Figure 9-4. Stand-alone systems must be care- 
fully matched to load requirements to avoid re- 
ducing load availability or producing more energy 
than is needed. 


Sizing Bimodal Systems 


Bimodal systems normally operate as interac- 
tive systems, but can operate as stand-alone 
systems during utility outages. Therefore, the 
bimodal systems are typically sized according 
to the stand-alone methodology. However, a 
significant difference between bimodal systems 
and true stand-alone systems is that bimodal 
systems typically supply only a few select criti- 
cal loads while in stand-alone mode. 

The load analysis used for sizing a bimodal 
system should include calculations for only 
these critical loads, which are needed during 


a utility outage. The rest of the subsequent 
calculations for inverter rating, battery-bank 
energy storage, and array output are identical 
to those for stand-alone systems. Similarly, 
the battery-bank sizing allows for the desired 
back-up period without grid power from a few 
hours to several days. 

The stand-alone sizing methodology deter- 
mines the minimum size of a bimodal system. 
However, since excess energy produced during 
the normal interactive mode can be exported 
to the utility grid for credit, there is no penalty 
for oversizing a bimodal system, at least within 
the guidelines of sizing conventional utility- 
interactive systems. 


Sizing Hybrid Systems 

Hybrid systems are stand-alone, which cannot 
rely on the utility as a source of electricity. 
These systems must be able to completely and 
reliably supply power to their on-site loads. 
However, there is more than one source of 
energy, such as a combination of a PV array 
and an engine generator or wind turbine. The 
presence of multiple power sources means that 
the array and battery bank can be smaller while 
maintaining load availability, especially if one 
source can provide power on demand, such as 
an engine-generator. 


teette 


DOE/NREL, Backwoods Solar Electric Systems 


Stand-alone PV systems must be carefully designed 
to meet all the load requirements without excessive 
oversizing. 
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The array and battery bank for a PV array 
and engine generator hybrid system are sized 
similarly to those for a stand-alone system, 
with three differences. First, the array is sized 
to supply only a portion of the total load re- 
quirement. For example, the hybrid system 
may be designed such that 80% of the load 
demand is supplied by the array and 20% is 
supplied by the generator on an average day. 
Second, the sizing calculations do not need to 
use the worst-case load-to-insolation months 
for sizing, since the engine generator can be 
called upon to provide additional power as 
needed. Average load and insolation values 
may be used. Finally, battery banks can be 
sized for a shorter autonomy period (typically 
only 1 or 2 days) than for PV-only stand-alone 
systems, also because the generator power is 
available on demand. 

PV array to engine generator output ratios 
range from 90%:10% to 40%:60%. The opti- 
mal ratio is determined by performing sizing 
calculations using several different ratios and 
choosing the system that best fits other require- 
ments (such as available array space) and has 
the lowest expected life-cycle costs. Other fac- 
tors, such as minimizing the average run time 
of noisy engines, may also influence sizing. 

Combination PV array and engine genera- 
tor hybrid systems are relatively easy to size 
because the generator output is completely 
dependent on demand. Other energy-source 
combinations, however, such as a PV array 
and a wind turbine or a PV array and a micro- 
hydroelectric generator, are much more dif- 
ficult to design and size adequately because 
their outputs are less predictable. With so many 
variables, sizing software is recommended to 
optimize these systems. Several applications 
are available free on-line, such as HOMER 
from NREL. 


SIZING CALCULATIONS 


Sizing PV systems for stand-alone operation 
involves four sets of calculations. First, a load 


A hybrid PV and engine generator system utilizes array energy 
better (wastes less energy) than PV-only systems because more 
of the available energy is utilized. in some cases, these systems 
may also cost less overall than PV-only or engine-generator-only 
stand-alone systems sized for the same load requirements. 


Load Analysis 


Analyzing the electrical loads is the first and 
most important step in PV-system sizing. The 
energy consumption dictates the amount of 
electricity that must be produced. 

All existing and potential future loads must 
be considered. Underestimating loads will 
result in a system that is too small and cannot 
operate the loads with the desired reliability. 
However, overestimating the load will result 
in a system that is larger and more expensive 
than necessary. Comprehensive yet conserva- 
tive load estimates will ensure that the system 
is adequately sized. 

A detailed load analysis completed during 
the site survey lists each load, its power de- 
mand, and daily energy consumption. See Fig- 
ure 9-5. If load profiles are not nearly identical 
throughout the year, a load analysis should be 
conducted for each month. Similar loads can 
be grouped into categories, such as lighting 
fixtures with the same power requirements. DC 
loads, if any, should be listed separately from 
AC loads. This is because energy for AC loads 
goes through the inverter, resulting in losses 
that must be accounted for separately. 


Power Demand. Peak-power information is 
usually found on appliance nameplates or in 
manufacturer's literature. When this informa- 
tion is not available, peak power demand can 
be estimated by multiplying the maximum 
current by the operating voltage, though this 
is less accurate for reactive loads. Measure- 
ments, meter readings, or electric bills may 
also be used to help establish existing load 


requirements. See Figure 9-6. 
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LOAD ANALYSIS Month: 
AC LOADS 


r Operating Energy 
ir Power Rating Time Consumption 
Load Description (W) (hr/day) (Wh/day) 


Total AC Power Ww 
Total DC Power Ww 
Total Daily AC Energy Consumption Wh/day 
Total Daily DC Energy Consumption Wh/day 
Weighted Operating Time hr/day 
Inverter Efficiency 
Average Daily DC Energy Consumption Wh/day 


Figure 9-5. A load analysis tabulates the various kinds of loads and their power and electrical-energy 
requirements. 


The peak power demands are then summed. Energy Consumption. Electrical energy con- 
The total power demand is considered when de- sumption is based on the power demand over 
termining the required inverter AC-poweroutput time. Loads rarely operate continuously, so 
rating. While it is not likely that every load would ^ eachload's operating time must be determined. 
be ON at the same time, it is recommended to See Figure 9-7. This is the total number of 
size the inverter with extra capacity. hours per day that the load is operating. 


Figure 9-6. Load power and energy require- 
ments can be easily measured with inexpensive 
meters. 


The operating time for loads that cycle on 
and off automatically is typically determined 
from the duty cycle. Duty cycle is the percent- 
age of time a load is operating. For example, 
a duty cycle of 4096 means that a load is op- 
erating 40% of the time, or 9.6 hr/day (40% 
x 24 hr/day = 9.6 hr/day). Even loads that are 
plugged in all the time, such as refrigerators 
and air conditioners, have a variable power 
requirement based on duty cycle. 


* Load Requirements 


1400 
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User-operated loads are turned on and off 
manually. Determining the operating time for 
these loads is simple if they cycle only once 
per day. However, if loads are switched on and 
Off several times per day, a metering device is 
probably the easiest method of determining 
the operating time. 

The daily energy consumption for each 
load is determined by the load's power de- 
mand multiplied by the daily operating time. 
For example, a 60 W light bulb that is on for 
4 hr/day consumes 240 Wh of energy (60 W x 
4 hr = 240 Wh). 

Some loads may not be used every day. In 
these cases, the average daily operating time is 
calculated by dividing the total operating time 
over a longer period by the number of days in 
the period. For example, a washing machine 
that operates for 2 hr/wk has an equivalent 
operating time of 0.29 hr/day (2 hr/wk + 
7 days/wk = 0.29 hr/day). 

The AC energy consumption and DC energy 
consumption values are totaled separately. These 
values are used to determine the total amount of 
DC energy the system must produce. 


Operating Time. Load operating-time data 
is also used to size the battery bank. For con- 
sistent loads that operate for specific periods, 
calculating the daily operating time is very 
simple. For example, if the loads are night- 
time lighting fixtures that operate for 6 hr each 
night, the daily operating time is 6 hr. 
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Figure 9-7. Load requirements include the power demand and electrical-energy consumption for all 


the expected loads in the system. 
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Because the size, and therefore the cost, of a stand-alone PV system is directly proportional to the 
load energy requirements, energy should be conserved as much as possible in stand-alone sys- 
tems. This involves reducing wasted energy, reducing load usage, and increasing load efficiency. 
Even if these measures involve financial costs, it is usually far more practical and cost effective to 
implement energy conservation measures than to increase the size of the PV system. 

In 1980, the Federal Trade Commission began requiring manufacturers of certain home 
appliances to attach labels that provide an estimate of the product's energy consumption or 
efficiency. These EnergyGuide labels show the estimated annual operating cost (based on 
average energy prices) and how this compares with the operating costs for similar models. 
The EnergyGuide label is required on refrigerators, freezers, clothes washers, water heaters, 
dishwashers, air conditioners, heating equipment, and other household appliances. 

ENERGY STAR is a voluntary federal product labeling and certification program adminis- 
tered by the U.S. Environmental Protection Agency. It recognizes appliances and equipment 
that have exceeded energy efficiency standards. Products bearing the ENERGY STAR label 
include many common home appliances and office equipment. Both EnergyGuide and EN- 
ERGY STAR labels can be used to identify and select the most efficient electrical loads for 
PV systems. 


Most often, however, there are multiple 


: à Ext)- Ext 
loads to consider that each operate for various t = (5 xn) * (E, x t) 


lengths of time. The battery-bank discharge li E, * E, 
rate will then change as various loads turn (2400 x 4) + (1000 x 7) 
ON and OFF during the day. In this case, a hl» 77 240041000 
weighted average operating time is calculated 9600 +7000 
using the following formula: s Aeg c 


| (Ext)« (Ext)... (E, x1,) t, 4.9 hr/day 
m E E, t... E, 


where 


The two loads have a combined effect of 
a single 694 W load operating for 4.9 hr/day 


t = weighted average operating time [2400 Wh + 1000 Wh) + 4.9 hr = 694 W]. 


op 


(in hr/day) If the system includes both AC and DC 
E = DC energy required for load 1 loads, the AC load energy requirement must be 
(in Wh/day) first be converted to equivalent DC energy. This 


is done by dividing each AC energy consump- 
tion amount by the inverter efficiency. 


t = operating time for load 1 (in hr/day) 


E, = DC energy required for load 2 
(in Wh/day) 


t,= operating time for load 2 (in hr/day) 


Inverter Selection. If the system includes AC 
loads, an inverter must be selected. Several 
factors must be considered when selecting the 


E = DC energy required for nth load 1 i : : 
n inverter. First, the inverter must have a maxi- 


(in Wh/day) : i 
- : mum continuous power output rating at least as 
t= operating time for nth load great as the largest single AC load. A slightly 
(in hr/day) 


oversized inverter is usually recommended to 


For example, one DC load uses 2400 Wh/day 
and operates for 4 hr and another DC load uses 
1000 Wh/day and operates for 7 hr. What is the 
weighted average operating time? 


account for potential future load additions. The 
inverter must also be able to supply surge cur- 
rents to motor loads, such as pumps or compres- 
sors, while powering other system loads. 


Inverter voltage output is another consid- 
eration. Most stand-alone inverters produce 
either 120 V single-phase output or 120/240 V 
split-phase output. Some higher-power invert- 
ers for commercial or industrial electrical sys- 
tems output three-phase power. Alternatively, 
certain inverters can be stacked and operated 
in parallel for split-phase output. 

The inverter DC-input voltage must also 
correspond with either the array voltage (for 
interactive systems) or the battery-bank volt- 
age (for stand-alone systems). 


Inverter Efficiency. Inverters are not 100% 
efficient. Some power is lost in the process 
of converting DC energy to AC energy. 
Therefore, more DC energy is required to 
produce a certain amount of AC energy. Both 
the AC and DC energy requirements from 
the load analysis are used to determine how 
much total DC energy will be required. See 
Figure 9-8. The total amount of DC energy 
required by the loads is calculated using the 
following formula: 


Ec +E 


DC 


where 
Epc required daily system DC 
electrical energy (in Wh/day) 
E. = AC energy consumed by loads 
(in Wh/day) 
Np = inverter efficiency 
Epc = DC energy consumed by loads 
(in Wh/day) 


For example, if a load analysis determines 
that a system requires 800 Wh/day for the AC 
loads and 200 Wh/day for the DC loads and the 
inverter efficiency is 9096, what is the daily DC 
electrical energy required by the system? 


E 
Espe = = + Epc 


= d 200 
0.90 


SDC 


E, = 889 + 200 


E,- = 1089 Wh/day 


SDC 
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Total DC Energy Requirement 
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Figure 9-8. The total DC-energy requirement 
is determined from the requirements for the DC 
loads (if any) plus the requirements for the AC 
loads, taking inverter efficiency into account. 


Inverter efficiency is typically between 80% 
and 9596. Also, an inverter's efficiency varies 
with its power output, though usually not more 
than about 596 over most of its power range. 
Manufacturer's specifications will typically 
include efficiency ranges. For sizing calcula- 
tions, the average efficiency for the expected 
operating power range should be used. 


Critical Design Analysis 

A stand-alone system must produce enough 
electricity to meet load requirements during 
any month. Therefore, systems are sized for 
the worst-case scenario of high load and low 
insolation. A critical design analysis compares 
these two factors throughout a year, and the 
data for the worst case is used to size the array. 
See Figure 9-9. The critical design ratio is 
the ratio of electrical energy demand to aver- 
age insolation during a period. The load data 
comes from the load analysis, which is usu- 
ally performed for each month. The insolation 
data is available from the solar radiation data 
sets. See Appendix. The ratio is calculated 
for each month. 


Critical Design Month. The critical design 
month is the month with the highest critical 
design ratio. This is the worst-case scenario, 
and the associated load and insolation data are 
used to size the rest of the system. 
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CRITICAL DESIGN ANALYSIS 
gum € MEE Leni 


Average Daily 
DC Energy 
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(Wh/day) 


Critical Design Month 
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Average Daily DC Energy Consumption Wh/day 
Insolation PSH/day 


Figure 9-9. A critical design analysis compares the load requirements and insolation for each month to determine the 
critical design month. 


Load Analysis Example: Off Grid Home in Albuquerque, NM 


A secluded home is being constructed in the mountains near Albuquerque, NM. Due to its remoteness, a stand- - 
alone PV system will power the building. Electrical load requirements will be minimized through the use of solar - 
thermal systems, energy-conserving construction materials, and high-efficiency appliances. To size the PV sys- ` 
tem, a load analysis is conducted for the expected loads. Most of the electrical load requirements are expected 
to be consistent each month. These include appliances, an entertainment center, a computer, miscellaneous 
plug loads, and a water pump. 

The appliances consist of a refrigerator/freezer, microwave oven, toaster, coffeemaker, and washing ma- 
chine. The refrigerator consumes 730 kWh/yr, or an average of 2000 Wh/day (730 kWh/yr + 365 days/yr = 
2 kWh/day = 2000 Wh/day). The peak power consumption of the refrigerator is measured at 200 W when the 
compressor operates. 

The microwave oven uses 1200 W and operates for about 30 min (0.5 hr) each day. The toaster uses 1000 W and 
operates for about 3 min (0.05 hr) per day. The coffeemaker uses 600 W and operates for about 15 min (0.25 hr) 
per day. The washing machine uses an average of 800 W for a complete 30 min (0.5 hr) cycle. If four loads are 
washed per week, the equivalent is 0.29 hr/day (0.5 hr/cycle x 4 cycles/wk + 7 days/wk = 0.29 hr/day). 

The entertainment center consists of a satellite receiver, TV, and DVD player. Together they consume an 
average of 200 W and are used about 3 hr per day. The computer system operates on 100 W and is used for 
about 2 hr per day. The miscellaneous plug loads are estimated at 200 W for an average of 1 hr per day. The 
submersible water pump consumes 800 W and operates about 20 min (0.33 hr) per day. 

A few loads, however, will vary depending on the time of the year. Two 50 W ceiling fans will be used primarily dur- 
ing the summer. The lighting loads will be used all year, but will have a longer daily operating time during the winter. 
Because the total load requirements will change during the year, a load analysis is conducted for each month. 
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LOAD ANALYSIS Month: August 
AC LOADS 


" Operating Energy 
ep Time Consumption 
(hr/day) (Wh/day) 
00 


2000 


Load Description 


Microwave 

Toaster 

Coffeemaker 
Washing Machine 
Entertainment Center 
Computer System 
Plug Loads 

Water Pump 


EH 


A 


DC LOADS _ 


Total AC Power 5388 W 
Total DC Power OW 
Total Daily AC Energy Consumption 7568 Wh/day 
Total Daily DC Energy Consumption O Wh/day 
Weighted Operating Time 11.2 hr/day 


Inverter Efficiency 


Average Daily DC Energy Consumption 8409 Wh/day 


For the month of August, the load analysis yields a total AC-power demand of about 5.4 kW and a daily energy 
consumption of 7568 Wh/day. If all loads operate at the same time, the inverter must have a continuous power 
output rating of at least 5.4 kW. Although it is unlikely that all loads will be operating simultaneously, a 5.5 kW 
inverter is selected to allow for future load additions. Since the efficiency of the inverter is 90%, the total average 
daily DC energy required is 8409 Wh/day. This number will be used in the critical design analysis, along with 
energy requirements for every other month, to determine the critical design month. The weighted operating time 
for the critical design month will be used in the battery-sizing calculations. 


E À———————————————————— 
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DOE/NREL, Altair Energy 


Ground mounts usually offer flexibility in orienting an array in the optimal direction 
and tilt for the critical design month. 


If the loads are constant over the entire year, 
the critical design month is the month with the 
lowest insolation on the array surface. For most 
locations in the Northern Hemisphere, this is a 
winter month, either December or January. 

However, when tl | 


Sizing for the critical design month typi- 
cally results in excess energy at other times of 
the year. If this excess is significant, the system 
designer may want to consider adding diver- 
sion loads or changing to a different system 
configuration, such as a hybrid system, that 
better matches the available electrical energy 
to the loads. 


Array Orientation. Since array orientation 
has a significant effect on receivable solar 
radiation, array orientation must also be ac- 
counted for in a critical design analysis. If the 
mounting surface restricts the array to only 
one possible orientation, then the analysis 
is conducted to determine the critical design 
factors for that orientation. 

However, if multiple orientations are pos- 
sible, separate analyses are performed for each 


orientation. A critical design month can be 
identified for each of the array orientations, 
since the receivable solar radiation will be 
different for each. Of the resulting critical 
design months, the one with the smallest 
design ratio is the best choice. This orienta- 
tion minimizes the required array size, while 
still accounting for the worst-case load-to- 
insolation situation. 

The orientations most commonly used in a 
critical design analysis are tilt angles equal to 
the latitude, latitude - 15?, and latitude — 15°, 
each at an azimuth of due south. The greater 
array tilt angle maximizes the received solar 
energy in winter months, and the smaller array 
tilt angle maximizes the received solar energy 
in summer months. Insolation data for these 
orientations is available in the solar radiation 
data set for the nearest location. 

For azimuth angles other than due south, the 
insolation data must be adjusted to obtain the 
most accurate results. Computer models are 
available to predict average monthly insolation 
for alternate orientations. If tracking systems 
are to be used, receivable insolation data for 
the various tracking modes can be used instead 
of fixed array orientations. 

The critical design ratio is calculated for 
each month for each array orientation or track- 
ing mode. The highest critical design ratio for 
each orientation corresponds to the critical 
design month for that orientation. When mul- 
tiple orientations are considered, the lowest 
critical design ratio of the resulting critical 
design months corresponds to the optimal ar- 
ray orientation (of the orientations analyzed). 
The insolation and load requirements for this 
month and array orientation are used in sub- 
sequent sizing calculations to design the array 
and battery system. 


DC-System Voltage 


The DC-system voltage is established by 
the battery-bank voltage in battery-based 
systems. This voltage dictates the operating 
voltage and ratings for all other connected 
components, including DC loads, charge 
controllers, inverters, and (for battery-based 
systems) the array. 
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Critical Design Analysis Example: Off-Grid Home in Albuquerque, NM 


A critical design analysis determines the critical design month and insolation for sizing the PV array. If the insola- 
tion values for more than one possible orientation are compared, the critical design analysis indicates the best 
orientation choice of those analyzed. For the example system at the remote home, the array will be mounted ina 
ground rack mount. This allows the possible tilt angles of latitude, latitude- 15?, and latitude + 15°. The insolation 
values for each month and at each of these orientations are found on the solar radiation data set for Albuquer- 
que. The 8409 Wh/day load requirement for August is included, along with the load requirements for every other 
month as determined by separate load analyses. 


CRITICAL DESIGN ANALYSIS 


. Array Orientation 1 Array Orientation 2 Array Orientation 3 
Average Daily — 5 n 5 
DC Énergy Latitude — 15 Latitude Latitude + 15 


consumption Insolation Desian Ratio Insolation Desian Ratio Insolation Desian Ratio 
(PSH/day) g °| (PSH/day) g (PSH/day) g 
6532 j 1420 | 53 | 1232 
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Critical Design Month December 
Optimal Orientation Latitude 
Average Daily DC Energy Consumption 6578 Wh/day 
Insolation 5.0 PSH/day 


The critical design ratio is calculated for each month. For each orientation, the highest ratio of load require- 
ment to insolation corresponds to the critical design month. For two of the orientations, the month is December. 
For the latitude 4- 15? orientation, the month is July. Of the three possible critical design months, the month of 
December at the latitude orientation produces the lowest ratio. This indicates the optimal orientation. For this 
designated critical design month, the load requirement value is used for battery-bank sizing and the insolation 
value is used for array sizing. 


EE eee 


DC voltage in battery-based systems is The selection of the battery-bank voltage 
critically important. The DC voltage for bat- affects system currents. See Figure 9-10. For 
tery-based PV systems is usually an integer example, a 1200 W system operating at 12 V 
multiple of 12 V, usually 12 V, 24 V, or 48 V. draws 100A (1200 W + 12 V= 100 A). The same 
DC loads, charge controllers, and inverters 1200 W system draws only 50 A at 24 V, or 25 A 
that operate at these voltages are commonly — at 48 V. Lower current reduces the required 
available. sizes of conductors, overcurrent protection 
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devices, disconnects, charge controllers, and 
other equipment. Also, since voltage drop and 
power losses are smaller at lower currents, 
higher-voltage systems are generally more 
efficient. Higher-voltage systems also require 
fewer PV source circuits in the array design. 


x DC-System Voltage. 
12 VDC 
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DC CURRENT (A) 


20 


1 T 7 TD 
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Figure 9-10. DC-system voltage is chosen in 
proportion with the array size and to keep the 
operating current below 100 A. 


As a rule of thumb, stand-alone systems 
up to 1 kW use a minimum 12 V battery-bank 
voltage, which limits DC currents to less than 
84 A. Similarly, battery voltages of at least 24 V 
are used for systems up to 2 kW, and at least 
48 V for systems up to 5 kW. Very large stand- 
alone systems may use battery voltages of 120 V, 
though battery banks over 48 V involve addi- 
tional code requirements and safety measures. 
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System Availability 


The size of a system in relation to the loads de- 
termines its system availability. System avail- 
ability is the percentage of time over an average 
year that a stand-alone PV system meets the 
system load requirements. For example, 98% 
system availability means that a systern is able 
to meet the energy demand about 9846 of the 
time. This means that for 2% of the year, the 
system cannot meet the load requirements. 

No energy-producing system can achieve 
100% availability, because of unpredictable 
events that affect system output. Days or weeks 
of below-average insolation, such as unusually 
cloudy weather, will reduce short-term system 
availability. System availability can also vary 
between years due to long-term weather pat- 
terns. Component failures and lack of mainte- 
nance also contribute to system downtime and 
reduce system availability. 

System availability is determined by inso- 
lation and autonomy. Accurate estimates of 
system availability require software to evaluate 
energy flow in the system on an hour-by-hour 
basis, but rough estimates are adequate for 
most PV applications. For a desired system 
availability, the designer chooses the appro- 
priate length of autonomy. See Figure 9-11. 
Autonomy is the amount of time a fully charged 
battery system can supply power to system 
loads without further charging. Autonomy is 
expressed in days. Most stand-alone systems 
are sized for a system availability of about 95% 
(about 3 to 5 days of autonomy) for noncriti- 
cal applications or 99% or greater (about 6 to 
10 days or more) for critical applications. 
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AVAILABILITY 


AUTONOMY (DAYS) 


1 2 3 4 5 6 7 8 
PEAK SUN HOURS 


Stand-alone systems may require large battery banks for the desired system 
availability. 


Figure 9-11. System availability is approximated 
from the local insolation and the autonomy period. 


However, each percentage-point increase 
in system availability is increasingly more 
expensive for larger battery banks and arrays, 
which is impractical from an economic stand- 
point for all but the most critical applications. 
Sizing of stand-alone systems must achieve an 
acceptable balance between system availability 
and cost goals for a given application. See 
Figure 9-12. The solar resource for a location 
also affects the increasing costs of availability. 
Costs for increasing availability rise more 
steeply for locations with large seasonal differ- 
ences in insolation than do costs for locations 
with more constant insolation. 


* Availability Costs. 


LOWER- 
INSOLATION 
LOCATION 


HIGHER- 
INSOLATION 
LOCATION 


APPROXIMATE RELATIVE 
SYSTEM COST 
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Figure 9-12. /ncreasing system availability signifi- 
cantly increases the cost of the system. 


Battery-Bank Sizing 

Batteries store excess energy the array pro- 
duces during periods of high insolation, and 
supply power to the system loads at nighttime 
and during periods of low insolation. In stand- 
alone systems, they also establish the system 
DC operating voltage and supply surge cur- 
rents to electrical loads and inverters. 
Battery-Bank Required Output. Batter- 
ies for stand-alone PV systems are sized to 
store enough energy to meet system loads for 
the desired length of autonomy without any 
further charge or energy contributions from 
the PV array. See Figure 9-13. The amount of 
battery capacity required for a given applica- 
tion depends on the load requirements and 
desired autonomy. Greater autonomy requires 
larger and costlier battery banks, but reduces 
the average daily depth of discharge, which 
prolongs battery life. 
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BATTERY-BANK SIZING 


Average Daily DC Energy Consumption 


for Critical Design Month —m E 
DC System Voltage VDC 
Autonomy days 
Required Battery-Bank Output 
Allowable Depth-of-Discharge 
Weighted Operating Time ns 
Discharge Rate hrs 
Minimum Expected Operating Temperature °C 
Temperature/Discharge Rate Derating Factor 
Battery-Bank Rated Capacity 
Selected Battery Nominal Voltage 
Selected Battery Rated Capacity bf 


Number of Batteries in Series 
Number of Battery Strings in Parallel 
Total Number of Batteries 


Actual Battery-Bank Rated Capacity 


Load Fraction 
Average Daily Depth-of-Discharge 


Figure 9-13. The battery-bank sizing worksheet uses information from 
the load analysis to determine the required size of the battery bank. 


The required battery-bank capacity is deter- 
mined from the electrical-energy requirements 
to operate the loads during the critical design 
month for the length of the autonomy period 
and at the desired battery-system voltage. The 
required battery-bank capacity is calculated 
using the following formula: 


Ea Xt, 


B A crit 


out V. 


SDC 


where 
B „= required battery-bank output (in Ah) 
E „= daily electrical-energy consumption 
during critical design month 
(in Wh/day) 
t, = autonomy (in days) 


V, = nominal DC-system voltage (in V) 
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For example, consider a system that re- 
quires 450 Wh of energy daily during the criti- 
cal design month and the nominal DC-system 
voltage is 24 V. If the system specifies 4 days 
of autonomy, what is the required capacity to 
operate those loads from the battery bank? 


BU 
il Vic 
.. 450x4 
2201 
1800 
ETE 
B, =75Ah 


Therefore, the battery bank will need to 
supply 75 Ah to the system loads. However, 
the total of the nameplate ratings of the battery 
bank must be higher than this, because the us- 
able capacity of a battery is always less than 
its rated capacity. 


When high availability is required for critical loads, a PV-only 
system may be prohibitively expensive due to very large ar- 


ray and battery bank requirements. In these cases, a hybrid 
system may be the best choice. 


Battery-Bank Rated Capacity. Three fac- 
tors affect the amount of usable capacity in a 
battery. These factors are used to estimate the 
larger battery-bank rated capacity necessary to 
supply the required output. See Figure 9-14. 
First, most batteries cannot be discharged to a 
depth of discharge of 10096 without permanent 
damage. Depending on the battery type, com- 
mon allowable depths of discharge range from 
20% to 80%. Most PV systems use deep-cycle 
lead-acid batteries, which can be discharged to 
about 80%. This is the maximum fraction of 
the total rated capacity that is permitted to be 
withdrawn from the battery at any time. 
Also, low operating temperatures and high 
discharge rates further reduce battery capacity. 
Most battery ratings are specified for opera- 
tion at 25°C (77°F) at a certain discharge rate. 
At other conditions for these two factors, the 
usable battery capacity may be lower. For 
example, a battery operating at -10°C (14°F) 
and at a discharge rate of C/120 has about 


only 90% of the capacity it has at 25°C (77°F). 
These two factors are used together to deter- 
mine a second capacity-derating factor. 


x Battery-Bank Capacity 


RATED 
CAPACITY 


USABLE 
CAPACITY 


ALLOWABLE CAPACITY LOST DUE TO 


LOW TEMPERATURES AND 
HIGH DISCHARGE RATES 


Figure 9-14. Due to the allowable depth-of- 
discharge, low temperatures, and high discharge 
rates, the amount of useful output in a battery 
bank is less than the rated capacity. 


The operating temperature is the minimum 
expected operating temperature for the battery 
bank. This depends on where the batteries 
will be stored. If they will be stored indoors, 
the temperature will be relatively steady and 
equal to the normal indoor temperature. If they 
will be outside, measures should be taken to 
minimize large daily and seasonal temperature 
swings, but the lowest expected temperature in 
these conditions is used in the analysis. 

The average discharge rate is determined 
from the total operating time over the pe- 
riod of autonomy, taking the allowable depth 
of discharge into account. Using the daily 
operating time calculated in the load analysis, 
the average discharge rate is calculated using 
the following formula: 


m e. 
pon 
where 


r, = average discharge rate (in hr) 


tp = weighted average operating time 
(in hr/day) 


t, = autonomy (in days) 
DOD, = allowable depth of discharge 


For example, if the daily operating time for 
system loads is 16 hr/day over an autonomy of 
3 days, and the allowable depth of discharge is 
8096, what is the average discharge rate? 


txt 
2. = op a 

DOD, 

16x3 
P= 

0.80 

48 
i= —— 

0.80 
r, = 60 hr 


The battery bank will discharge at a rate 
that would completely discharge the batteries 
in 60 hr. Therefore, the battery-bank average 
discharge rate is C/60. 

With the minimum expected operating tem- 
perature and the average discharge rate, the per- 
centage of usable capacity is determined from a 
graph of discharge rates and operating tempera- 
tures. See Figure 9-15. Most battery manufac- 
turers report capacity at various discharge rates 
and temperatures in their specifications. 


« Battery Capacity Loss vs. 
Temperature and Discharge Rate 
120 


100 H e 


80 a codem 


60 


PERCENT OF RATED CAPACITY (96) 


2030 —20 —10 0 10 20 30 40 
[-22] 4] [14] [32] [50] [68] [86] [104] 
BATTERY TEMPERATURE (°C [°F]) 
Figure 9-15. The amount of available capacity 
from a battery bank depends partly on the operat- 
ing temperature and discharge rate. These factors 
may have different effects for different ba tteries. 


To calculate the total rated capacity of 
the battery bank, the required battery-bank 
output is increased proportionally to both the 
allowable depth of discharge and the tem- 
perature and discharge-rate derating factor. 
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The required capacity is calculated using the 
following formula: 


B 


out 


Bae, E 
DOD, X C, , 


where 
B „eg = battery-bank rated capacity (in Ah) 
B „= battery-bank required output (in Ah) 
DOD, = allowable depth of discharge 

C = 


rm, = temperature and discharge-rate 


derating factor 

For example, consider a system that requires 
a total battery bank output of 500 Ah. The allow- 
able depth of discharge is 75%, the minimum 
operating temperature is —10°C (-4°F), and the 
average discharge rate is C/50. From the man- 
ufacturer’s documentation on battery capacity, 
this yields a temperature and discharge-rate 
derating factor of approximately 80%. What is 
the required battery-bank rated capacity? 


B t 
D i-o pc 
DOD, XC 
p = a 
0.75 x 0.80 
_ 500 
rated 0.6 
B_, 2833 Ah 


rated 


Battery Selection. Individual batteries or cells 
are selected with enough capacity to avoid or 
minimize parallel battery connections. Due to 
wiring resistance and small differences among 
individual cells, paralleled strings of batteries 
may not charge and discharge uniformly. A 
single series-connected string of batteries is 
preferable, but capacity requirements and the 
size of batteries available may require more 
than one string. Generally, the number of par- 
allel battery connections should be limited to 
no more than 3 to 4 strings. Also, the size and 
weight of the batteries must be considered with 
regard to transportation and installation. 

The nominal voltage and rated capacity of 
the selected battery is used to determine the 
configuration of the battery bank. This infor- 
mation is found on battery nameplates or in 
manufacturer’s literature. See Figure 9-16. 
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* Battery Labels 


EY Ss ASEA SOs E VUE 


Figure 9-16. Battery labels list the rated capacity of the battery and 
important safety information. 


The nominal DC-system voltage divided 
by the nominal battery voltage determines the 
number of batteries in a string. This number 
should calculate evenly. See Figure 9-17. The 
required battery-bank rated capacity divided 
by the individual-battery rated capacity deter- 
mines the number of strings to be connected 
in parallel. This number will likely not be a 
whole number, but should be rounded up to 
the nearest whole number. To prevent unnec- 
essarily oversizing the capacity, the battery 
capacity should be chosen to minimize the 
amount of rounding. 


* Battery-Bank Configurations _ 


BATTERIES IN SERIES 
(BUILDS VOLTAGE) 


BATTERY STRINGS 
IN PARALLEL 
(BUILDS CAPACITY) 


Figure 9-17. Batteries are configured in series and parallel to match the 
battery-bank rated capacity needed to produce the required output. 


When the battery is chosen and the battery- 
bank design is configured, the final rated ca- 
pacity of the battery bank is equal to the rated 
capacity of an individual battery multiplied 
by the number of parallel strings. 

For example, a battery bank must supply 
600 Ah and will operate at 24 V nominal. A 
nominal 12 V battery is chosen with a rated 
capacity of 250 Ah. To produce a nominal 
voltage of 24 V, two 12 V batteries will be 
connected in series for each string. The num- 
ber of strings in parallel is calculated to be 
2.4 (600 Ah + 250 Ah = 2.4). Rounded up to 
a whole number of 3 strings, the rated capac- 
ity of the battery bank will then be 750 Ah 
(250 Ah/string x 3 strings = 750 Ah). 

This is acceptable, but very conservative, 
and would result in an unnecessary increase 
in cost. Choosing a different battery with a 
rated capacity closer to 200 Ah would be 
better if the bank were to have 3 strings. 
A battery with a rated capacity of 300 Ah 
or slightly higher would be even better, as 
it would allow a battery bank with only 2 
strings. Battery choices may require changes 
and recalculations to optimize the design of 
the battery bank. 


Battery-Bank Operation. With the final 
battery-bank configuration and battery 
choice determined, the predicted average 
daily depth of discharge is calculated. This 
will be less than the allowable depth of dis- 
charge because the final rated capacity of 
the battery bank is usually higher than the 
required rated capacity. 

First, the daily load fraction supplied by the 
battery bank is estimated. At any moment, the 
power to operate loads in a stand-alone system 
may be supplied by the array, the battery, or a 
combination of both. The load fraction is the 
portion of load operating power that comes 
from the battery bank over the course of a day. 
For example, a system with only nighttime 
loads, such as lighting, has a load fraction of 
1.0 because all the electrical energy required by 
the loads is supplied by the battery bank. For 
daytime-only loads, the average load fraction is 
zero because the array will normally supply all 
the required electrical energy to the loads. 
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For most systems, however, the load 
fraction is somewhere in between. During 
periods of high irradiance, the array supplies 
all of the energy needed by on-site loads (in 
addition to charging the batteries), but most 
of the time, energy is supplied in a mix from 
both the array and the battery bank. With 
variable loads operating intermittently and 
for different lengths of time, an accurate 
calculation of load fraction is complicated. 
Instead, a load fraction estimate of 0.75 1s 
a common rule of thumb used for most PV 
systems. 

The load fraction estimate does not affect 
any of the sizing calculations, so the rough 
estimate provided by the rules of thumb are 
adequate for the subsequent daily depth-of- 
discharge estimate calculations. 

With the load fraction estimate, the average 
battery-bank daily depth of discharge is then 
estimated with the following formula: 
LFXE 


DOD,,, = ———— 
ES 


actual x Vspc 
where 


DOD,,, = average battery-bank daily 
depth of discharge 


LF = estimated load fraction 


E ay = average daily electrical-energy 
consumption (in Wh) 


B," actual total rated battery-bank 
capacity (in Ah) 


V pc = DC-system voltage (in V) 


For example, a 24 V battery bank has a rated 
capacity of 800 Ah. The estimated load frac- 
tion is 0.75, and the average daily electrical- 
energy consumption is 3900 Wh. What is the 
predicted average battery-bank daily depth of 
discharge? 


DER LFxE m. 
in B actual x Vipc 
DON 0.75 x 3900 
ms — 800x24 
pope 
“E 19,200 


DOD,,, = 0.15 or 15% 


DOE/NREL, Jim Green 


The array for a stand-alone system must be sized to meet the load requirements 


during the critical design month. 


Array Sizing 

For stand-alone systems, the array must be 
sized to produce enough electrical energy to 
meet the load requirements during the critical 
design month while accounting for normal 
system losses. This ensures that the battery will 
always be properly charged and that system 
availability is high throughout the year. See 
Figure 9-18. 


Required Array Output. First, the required 
array current is calculated from the load re- 
quirement and insolation of the critical design 
month, and the nominal DC system voltage. 
However, because battery efficiency is less 
than 100%, more current must be supplied 
to charge a battery than is withdrawn on dis- 
charge. A battery-system charging efficiency 
factor increases the required array output to a 
slightly higher value. A value between 0.85 
and 0.95 is appropriate for most batteries. The 
required array current is calculated using the 
following formula: 


E 


crit 


Toat x Vspc x psg 


array — 


where 


Il. -required array maximum-power 


array 


current (in A) 


E „= daily electrical-energy consumption 
during critical design month 
(in Wh/day) 


Nya = battery-system charging efficiency 
V pc = nominal DC system voltage (in V) 


tos = peak sun hours for critical design 
month (in hr/day) 


Refer to 
worksheet 
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* Array Sizing — — 


ARRAY SIZING 


Average Daily DC Energy Consumption 
for Critical Design Month 


DC System Voltage 
Critical Design Month Insolation 
Battery Charging Efficiency 


Wh/day 
VDC 
PSH/day 


A | 
j 
Temperature Coefficient for Voltage : | 


Required Array Maximum-Power Current 


Soiling Factor 
Rated Array Maximum-Power Current 


Maximum Expected Module Temperature 
Rating Reference Temperature 
Rated Array Maximum-Power Voltage 


Module Rated Maximum-Power Current 
Module Rated Maximum-Power Voltage 
Module Rated Maximum Power 


Number of Modules in Series 
Number of Module Strings in Parallel 
Total Number of Modules 


Actual Array Rated Power 


Figure 9-18. The array sizing worksheet uses insolation data and load 
requirements to size the array. 


Battery-Bank Sizing 


Example: Off Grid Home in Albu 


For example, consider a nominal 24 V system 
in a location with 4.9 peak sun hours that must 
supply 1580 Wh per day. The battery-system 
charging efficiency 1s estimated at 0.90. What 
is the required array current? 


I - 5 
E Nean x Ve Xt PSH 
I= 1580 
^'9 0.90 x 24 x 4.9 
1580 
T owe———— 
SS 1058 
I —14:94 


array 


SMA Technologie AG 
Very large PV systems typically divide the array output 
among many inverters. 


querque, NM 


The overall size of the system indicates that the battery bank should be a 48 V system 
in order to keep DC currents within an acceptable range. Since the loads are not critical 
and a small engine generator is available for emergencies, the autonomy period is set 
at 3 days. Using the average daily energy consumption for the critical design month, the 
required battery-bank output is calculated at 411 Ah. 

Based on the allowable depth of discharge, operating temperature, and discharge rate, 
the rated battery-bank capacity must be higher than 411 Ah. Since deep-cycle batteries 
will be used, the allowable depth of discharge is about 80% (0.80). A derating factor for 
temperature and discharge rate is determined from the battery specifications based on the 
minimum expected operating temperature and the discharge rate. The battery bank will 
be located in an unconditioned space in the basement, but the operating temperature will 
never fall below O?C. The discharge rate is calculated from the daily weighted operating time 
from the critical design month, the number of days of autonomy, and the allowable depth 
of discharge. After applying the allowable depth of discharge and the derating factor, the 
required battery-bank rated capacity is 571 Ah. 


A flooded lead-acid 12 V 
nominal battery is selected 
with a manufacturer-specified 
rated capacity of 295 Ah. 
Four batteries in series are 
required to provide a system 


BATTERY-BANK SIZING 


Average Daily DC Energy Consumption 
for Critical Design Month 


DC System Voltage 
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6578|Wh/day 


voltage of 48 V. Two series 
strings of batteries are re- 
quired to provide the required 
rated capacity. A total of 8 
batteries are needed for the 
battery bank. 

The actual rated capacity 
will be 590 Ah, just slightly 
above the required rated 
capacity. 

Inthis application, the load 
fraction is estimated at 0.75. 
The average daily depth of 
discharge is 1796. From the 
manufacturer's data, this 
battery has an expected life 
of 4000 cycles at 20% aver- 
age daily depth of discharge. 


[ 6878 
411 Ah 


Autonomy 
Required Battery-Bank Output 


Weighted Operating Time 11.2|hrs 
Discharge Rate 


Minimum Expected Operating Temperature | | 0| °C 
Temperature/Discharge Rate Derating Factor | 0.90 


Battery-Bank Rated Capacity 


Allowable Depth-of-Discharge 


Selected Battery Nominal Voltage 12|VDC 


Selected Battery Rated Capacity Ah 
4 
2 
8 


Number of Batteries in Series 
Number of Battery Strings in Parallel 
Total Number of Batteries 


Correspondingly, at least 10 Actual Battery-Bank Rated Capacity 590 Ah 

years of service should be 

expected in this application. Load Fraction 
Average Daily Depth-of-Discharge 0.17 


Array Rated Output. Just as with battery IO 
banks, certain factors reduce the array output L ated = c 
from the factory ratings to actual output values. B 
Therefore, these factors are applied to the re- where 
quired array output to determine the necessary . 
increase in array ratings for sizing and module ],,7 Iated array maximum-power 
selection. See Figure 9-19. current (in A) 
Soiling is the accumulation of dust and dirt Lay = required array maximum-power 


on an array surface that shades the array and current (in A) 


reduces electrical output. The magnitude of this 
effect is difficult to accurately determine, but 
estimates will account for most of this effect. A 
derating factor of 0.95 is used for light soiling 
conditions with frequent rainfall and/or a higher 
tilt angle, and a derating factor of 0.90 or less 
is used for heavy soiling conditions with long 
periods between rainfalls or cleanings. The rated 
array maximum-power current is calculated 
using the following formula: 


C, = soiling derating factor 


A standard module with 36 series-connected PV cells is par- 
ticularly suited for battery-based systems. Its maximum power 
voltage is about 15 V to 16V, which is ideal for charging a 12 V 


battery system. Correspondingly, multiple modules in series 
strings, or 72-cell modules, are used for charging higher-order 
battery banks. 
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*- Array Output Loss 


ARRAY RATED 
l-V CURVE 


REDUCED CURRENT 
DUE TO SOILING 


ACTUAL ARRAY 
OUTPUT I-V CURVE 


CURRENT (A) 


REDUCED VOLTAGE DUE 
TO HIGH TEMPERATURE 


V 


oc 


VOLTAGE (V) 


Figure 9-19. Actual array output is often less 
than rated output due to soiling and high tem- 
peratures. 


High temperature reduces voltage output. 
A temperature coefficient of —0.004/?C is 
applied to voltage, indicating that voltage 
falls by about 0.496 for every degree above 
the reference or rating temperature, which is 
usually 25°C (77°F). The maximum module 
temperature is estimated from the maximum 
ambient temperature for the location. 


Direct Power and Water Corporation 


Arrays in hot climates produce less than their rated power because of high 
temperatures. 


In addition, the array voltage must be higher 
than the nominal battery-bank voltage in order 
to charge the batteries. An array with a 12 V 
maximum-power voltage will not charge a 
nominal 12 V battery because the actual voltage 
of a nearly charged battery is about 14.5 V. The 
array voltage must be at least 14.5 V to charge a 
nominal 12 V battery. Therefore, the rated array 
maximum-power voltage is multiplied by 1.2 
to ensure that the array voltage is sufficient to 
charge the battery bank. 

The rated array maximum-power voltage is 
calculated using the following formula: 


V uo 12x (VL 


rated — 


[Vine 2: CX Cig du Hn pj 
where 
V id = rated array maximum-power 
voltage (in V) 


V pc = nominal DC-system voltage (in V) 


C, , = temperature coefficient for voltage 
(in /°C) 

T," Maximum expected module 

temperature (in ?C) 


T = reference (or rating) temperature 
(in °C) 

For example, consider an array for a nominal 
24V DC system that must output 18 A. The soil- 
ing conditions are expected to be light and the 
maximum module temperature is estimated at 
50°C. What are the minimum rated maximum- 
power current and voltage parameters? 


I — Laray 
rated C; 
18 
Lo om 
rated 0.95 
1,,,718.95 A 


rated 


ves = 1.2 x ane ar 
LV X Coy X (Tuar T. 9H 


SDC 
V eg = 12% {24+ 
[24 x —0.004 x (50 — 25)}} 


V uea = 1-2 X [24 + Q4 x -0.004 x 25)] 


rated 


V 47 1.2 x (24 - 2.4) 


rated 


Vg = 25-9 V 


rated 


Module Selection. The final step of the sizing 
process involves selecting a PV module and 
determining the array configuration based on 
the current and voltage parameters. For each 
module, three parameters are needed for siz- 
ing: the maximum power, the maximum-power 
(operating) current, and the maximum-power 
(operating) voltage. As with batteries, modules 
should be chosen to result in an array that is as 
close as possible to the desired array ratings, 
but slightly higher. 

The number of parallel strings of modules 
required is determined by dividing the rated ar- 
ray current output by the selected module maxi- 
mum-power current output and rounding up to 
the next whole number. See Figure 9-20. 

The number of series-connected modules 
in each string is determined by dividing the 
rated array voltage by the selected module 
maximum-power voltage and rounding up to 
the next whole number. 


The rated array maximum power is calculat- 
ed by multiplying the rated module maximum 
power by the total number of modules. 
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« Array Configurations 


— MODULES IN SERIES 
| (BUILDS VOLTAGE) 


MODULE STRINGS 
IN PARALLEL 


(BUILDS CURRENT) Refer to 


Quick Quiz? 


Figure 9-20. Modules are configured in series 
on CD-ROM 


and parallel to match the array rated capacity 
needed to produce the required output. 


nifial Ratings 


Thin Film Module I 


Some thin-film PV modules' power and current output are slightly higher for the first few weeks 
or months of use and then stabilize for the rest of its lifetime. (This does not apply to crystalline 


silicon modules.) The nameplate or 
rated parameters for power, current, 
and voltage may give either the long- 


term values or the initial values. The 
nameplate should also specify which 
is the case. Long-term values can be 
used without adjustment in sizing 
calculations. 

However, if the module ratings 
specify only the initial power, current, 
and voltage parameters, these val- 
ues may then be derated. Derating 
results in ratings that are more real- 
istic for sizing calculations. The mod- 
ule label or specifications will likely 
include information about the guar- 
anteed long-term parameters, which 
are generally about 90% to 95% of 
the initial values. If this information is 
not readily available, derating factors 
of 0.90 for power and 0.95 for current 
are generally appropriate. 


-UDI-SeL AN. 


SOLAR ELECTRIC MODULE 
Bekaert ECD Solar System LLC 
Aubum Hills, MI 


Electrical Ratings at 1000 W/m?, AM1.5, Cell Temp. 25C 
Max Power: 10.3 W 

Current Max Power: 0.62 A 

Voltage Max Power: 16.5 V 

Short Circult Current: 0.78 A 

Open Circuit Voitage: 23.8 V 

Model Type: USF-11 

Max System Voltage: 30 V 

Serles Fuse: 15 A 


During initial 8-10 weeks of operation, the module has higher Y 
electrical output than rated output. The output power may be Y 
higher by 15%. the operating voltage may be higher by 1196 E 
and operating current may be higher by 4%, 


WARNING - ELECTRICAL HAZARD This solar 
electric product is a LIVE power source in sun- 
light. OBSERVE CAUTION and read Instructions. —— 


finn 


RD 
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The required array current at maximum 
power is determined from the daily load 
requirement and insolation for the critical 
design month, along with the DC system 
voltage and an estimated battery-charging 
efficiency. Battery-charging efficiency is 
usually approximated at 85% (0.85). The 
result is 32.2 A. This means the PV array 
must be sized to produce at least 32.2 A 
under peak sun conditions. 

The required current rating is adjusted 
upward to 33.9 A to account for reduced 
current due to a soiling factor of 0.95. The 
required voltage rating is adjusted upward 
to 64.1 V to account for reduced voltage 
due to high temperatures and for adequate 
battery charging. 

The selected PV module has a rated 
maximum power of 185 W at STC. Rated 
maximum-power current is 5.11 A, and 
rated maximum-power voltage is 36.2 V. 
Two modules in series will provide the 
necessary array voltage, and 7 parallel 
strings will provide the necessary current. 
The array will consist of 14 modules, for 
a total rated power output of 2590 W, or 
2.59 kW. 


Array Sizing 


ARRAY SIZING 


Average Daily DC Energy Consumption 
for Critical Design Month 


DC System Voltage 

Critical Design Month Insolation 

Battery Charging Efficiency 

Required Array Maximum-Power Current 


Soiling Factor 
Rated Array Maximum-Power Current 


Temperature Coefficient for Voltage -—0.004/°C 
Maximum Expected Module Temperature 501°C 


Rating Reference Temperature °C 
Rated Array Maximum-Power Voltage 51.8 VDC 


Module Rated Maximum-Power Current 


Module Rated Maximum-Power Voltage 
Module Rated Maximum Power 


Number of Modules in Series 2 
Number of Module Strings in Parallel 7 
Total Number of Modules 14 


Actual Array Rated Power 


e Sizing analysis for stand-alone systems starts at the load side and proceeds backward to the array. 


e Interactive systems are generally sized to be as large as possible within the limits of available space and 
budget since, in most locations, occasional excess energy can be sold back to the utility. 


e Sizing of stand-alone systems involves a fine balance between energy supply and demand. If the system is 
too small, there will be losses in load availability and system reliability. If the system is too large, excess 


energy will be unutilized and wasted. 


* Bimodal systems are typically sized in the same way as stand-alone systems. 


* The PV array and battery bank in a hybrid system can be significantly smaller than in a stand-alone system 
if the secondary power source is available on demand. 


Example: Off-Grid in Albuquerque, NM 
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* A detailed load analysis completed during the site survey lists each load, its power demand, and daily energy 
consumption. 


* A weighted average operating time accounts for multiple loads operating for varying lengths of time per day. 


* [nverters lose some power in the process of converting DC energy to AC energy, so more DC energy is re- 
quired to produce a certain amount of AC energy. 


* A stand-alone system must produce enough electricity to meet load requirements during any month, so 
systems are sized for the worst-case scenario of high load and low insolation. 


* Ifthe load requirements vary from month to month, the critical design month may turn out to be any month 
of the year. 


e The highest critical design ratio in each orientation corresponds to the critical design month for that orien- 
tation. When multiple orientations are considered, the lowest ratio of the resulting critical design months 
corresponds to the optimal array orientation (of the orientations analyzed). 


e The DC voltage for battery-based PV systems is usually an integer multiple of 12 V, usually 12 V, 24 V, or 
48 V. 


e Noncritical systems are typically designed for 3 to 5 days of autonomy, while critical applications may have 
6 to 10 days of autonomy or more. 


e Because several factors reduce the useful capacity of a battery, the ratings of battery banks must be higher 
than the required battery-bank output. 


e The nominal voltage and rated capacity of the selected battery are used to determine the configuration of the 
battery bank. 


e Like batteries, several factors reduce the output of a PV module, so the array ratings must be higher than the 
required array output. 


e Each percentage-point increase in system availability costs increasingly more money for larger battery banks 
and arrays, which is impractical from an economic standpoint for all but the most critical applications. 


Definitions 


e Duty cycle is the percentage of time a load is operating. 
« The critical design ratio is the ratio of electrical energy demand to average insolation during a period. 
« The critical design month is the month with the highest critical design ratio. 


e System availability is the percentage of time over an average year that a stand-alone PV system meets the 
system load requirements. 


* Autonomy is the amount of time a fully charged battery system can supply power to system loads without 
further charging. 

e The load fraction is the portion of load operating power that comes from the battery bank over the course 
of a day. 

e Soiling is the accumulation of dust and dirt on an array surface that shades the array and reduces electrical 
output. 
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Review Questions 


What is involved in sizing interactive systems? 


Why does the sizing of a stand-alone system require critical calculations and tight tolerances? 


. What methodology is used to size bimodal systems? 


. Explain the three differences between sizing a stand-alone system and sizing the PV portion of a PV array 


and engine generator hybrid system. 


. Describe the basic analysis procedure for sizing a stand-alone system. 

. Why must AC loads and DC loads be listed separately in a load analysis? 

. What factors are involved in inverter selection? 

. How does sizing for the critical design month improve system availability? 


. How does system availability affect system cost? 


What three factors affect the required rating of the battery bank in relation to the required battery-bank 
output? 


. What three factors are used to determine the required voltage and current ratings of the array from the 


required array voltage and current outputs? 


MENNNNNNNNNMUENUUEMA md /mMC"-C————————— cnc cc ce CC Oe 
Chapter Objectives 


e Identify the key considerations for integrating arrays on buildings and other structures. 

e Understand the key factors involved in choosing a mounting system. 

e Differentiate between the various types of mounting configurations and their features. 

e Differentiate between the various types of attachment methods. 

e Compare the various types of structural loads on arrays and the factors that affect each type. 
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MECHANICAL CONSIDERATIONS 


There are a number of factors to consider in the 
mounting of PV arrays and other system equip- 
ment, and they often TIE: on -— 


areas zi concern, T for enhance- 
ment, and possibilities for various products, 
materials, and installation techniques, helping 
the designer or installer select the best type of 
installation for an application. 


Physical Characteristics 


Some of the first considerations in the mechanical 
design of an array are the physical characteristics 
of the modules, such as size, weight, laminate 
composition, frame type, and mechanical load 
ratings. The electrical characteristics of modules 
also influence the array's physical size and me- 
chanical configuration, which affect the choice 
of the mounting system as well. 

Smaller modules with lower output volt- 
age require more connections and hardware to 
achieve a given nominal power output. Larger 


modules may require more sophisticated pro- 
cedures or Te, such as aol A but 


s. However, mx are 
practical size limitations based on the manufac- 
turing process, effort required for installation, 
and the mechanical loads permitted on the array 
structure and attachment points. 


Structural Support 


Regardless of the type of structure used to sup- 
port an array, such as a roof, wall, foundation, or 
even the ground, the strength and rigidity of the 
structure must be evaluated. This is especially im- 
portant when installing a PV system as a retrofit, 
since the structure was not originally designed to 
support such a system. Most modern buildings 
are designed and constructed with a significant 


margin of safety that easily encompasses the 
relatively small additional loads from a PV 
system. However, structural evaluation may be 
required for permit applications, older buildings, 
orthose with nonstandard construction. Analysis 
of structural loads and fastener strengths also 
helps determine the best attachment method to 
use when installing an array. 


Accessibility 
Accessibility to all parts of a PV system is an 
important consideration in system planning 
and design. The selection of an appropriate 
array mounting system, the location of equip- 
ment, and the overall layout of mechanical and 
electrical components all affect accessibility. 
Arrays are most often installed on roofs. 
These installations frequently involve climbing 
ladders, operating lifts and buckets, or working 
at heights where fall protection is required. See 
Figure 10-1. The safest and most practical means 
to access the array and other equipment should 
be identified and, for larger commercial instal- 
lations, provisions such as permanent ladders or 
stairways, access covers, tie-off points, and other 
safety features should be considered. 
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Figure 10-1. Aerial lifts are sometimes required to 
reach roofs or areas with poor accessibility. 


Arrays mounted on roofs may extend all 
the way to the roof edges and have little or no 
space between modules. While this may im- 
prove the appearance of arrays on some build- 
ings, it compromises accessibility and may 
result in higher wind loads. Adequate space to 
safely install, inspect, clean, remove, replace, 
or maintain the array should be considered. 

Access to attics or other spaces directly 
beneath roof surfaces must also be considered. 
Some mounting systems do not require access 
to these spaces for attachment, but it may 
be necessary to route electrical conductors 
through these areas. Attic spaces can be dif- 
ficult to work in because of high temperatures 
and lack of working space, so this work should 
be carefully planned. 

Also, if an array mounting system is de- 
signed for seasonal tilt adjustment, it is desir- 
able to have convenient access to adjustment 
points. Owners may be less inclined to make 
tilt adjustments if access is limited. 


Thermal Effects 


Temperature affects the electrical perfor- 
mance and lifetime of arrays. Additionally, 
arrays mounted on a building may impact 
the building's thermal loads, which should 
be considered when mechanically integrating 
PV systems. 


Array Performance. Temperature is an 
important consideration in array mechanical 
design. High temperatures reduce the power 
output of crystalline silicon modules. Less 
is known about thermal effects on module 
lifespan or on thin-film PV cells, particularly 
after several years of exposure, but cooler ar- 
rays generally are more reliable, last longer, 
operate with greater efficiency, and produce 
more power. 

For these reasons, array temperatures should 
be minimized wherever possible. 


pumps; may be used with some concentrating 
arrays, but are not practical for flat-plate mod- 
ules. Only passive cooling means are employed 
for flat-plate modules, such as mounting the 
array in a way that allows air circulation around 
the modules. Mounting system design and 
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installation that allows natural cooling is the 
principal means of preventing the array from 
operating at excessively high temperatures. 

Keeping modules and arrays clear of ob- 
structions is the easiest way to promote natural 
cooling. This may include trimming nearby 
vegetation and avoiding blocking or restricting 
the open spaces underneath modules with flash- 
ings, plates, or other barriers to airflow. Align- 
ing module support channels with the slope 
of the array or roof surface is a simple way to 
channel natural airflow, which helps remove 
heat from the array. Alternately, arranging 
modules so that the array's longer dimension 
is lateral (landscape layout) results in lower 
temperatures because the heat has a shorter dis- 
tance to escape from under the array. See Fig- 
ure 10-2. These recommendations may not be 
feasible for some installations, such as building- 
integrated designs, but tradeoffs between instal- 
lation design and thermal performance must 
be considered. 


* Passive Array Cooling — — 
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Figure 10-2. Several passive techniques can be used to keep arrays 
cool, which improves array performance. 


The temperature-rise coefficient specifies how the tempera- 
ture of PV cells in an installation increases with ambient tem- 


perature and irradiance. The installed nominal operating cell 
temperature (INOCT) is an estimate of the normal temperature 
in these situations. 
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The installed nominal operating cell tem- 
perature (INOCT) is the estimated temperature 
of a module operating in a specific mounting 
system design. This value is based on the 
module manufacturer's rated nominal operat- 
ing cell temperature (NOCT) for a particular 
module, but also takes into account how the 
mounting method affects module temperature. 
Some mounting systems affect cell tempera- 
ture more than other systems. System design- 
ers may use a temperature-rise coefficient or 
INOCT reference values in array calculations. 
Inthe field, installers can directly measure cell 
temperature. 


Building Thermal Loads. The impact that 
an array can have on the heating and cooling 
loads of a building is an often-overlooked as- 
pect of array mechanical design. Arrays may 
affect heat transfer into conditioned spaces, 
depending on the roof type, mounting system, 
and other factors. See Figure 10-3. 

Some arrays radiate additional heat into a 
building. The array absorbs heat energy from 
direct radiation and conducts it through the 
roofing materials to the underside of the roof 
surface. There, the energy heats the interior 
spaces of the building. This can be a ben- 
efit in cold climates, but is a disadvantage in 
warm climates with heavy air-conditioning 
loads. Large, well-ventilated attic spaces with 
adequate insulation can moderate the heat 
gain into conditioned spaces. Radiant barrier 
materials applied to the underside of the roof 
surface can also reduce the heating effect. 


Neat and organized installation makes for an aesthetically pleasing array. 


Conversely, arrays mounted above build- 
ing surfaces have little effect on building heat 
gain, or may even reduce interior building 
temperatures. These modules shade part of 
the roof from direct radiation, while the space 
between the modules and the roof surface 
keeps the modules from transferring much 
heat to the roof and allows wind to cool the 
roof surface. Roofs in these installations are 
cooler, which reduces heat transfer into con- 
ditioned spaces. 


Electrical Equipment. Temperature effects 
must also be considered. in the installation and 
mechanical integration of electrical equipment, 
including inverters, batteries, and other BOS 
hardware. Equipment temperatures are usually 
managed by selecting the best locations for 
installing the equipment. 

Most inverter designs use passive heat 
sinks or fans to protect critical components. 
Manufacturers provide specific recommenda- 
tions for mounting and locating inverters, in- 
cluding instructions for minimizing operating 
temperatures by avoiding other heat sources, 
areas where air circulation is obstructed, and 
direct sunlight. 

Batteries are also very sensitive to tem- 
perature, both heat and cold. Batteries may 
be buried in underground containers to 
mitigate temperature extremes, or installed in 
enclosures that are well insulated, ventilated, 
shaded, or possibly air-conditioned. 

Conductors in conduits exposed to direct 
sunlight are a particular concern with PV 
systems, especially conductors used for array 
and source circuits, because they may experi- 
ence temperatures exceeding 60°C (140?F). 
Locating conduit under roof eaves, beneath the 
array, or inside the building space are ways of 
reducing conductor temperatures. 


Aesthetics 


While the outward appearance of arrays 
and overall installations has little to do with 
system functionality or performance, it has a 
notable influence on consumer acceptance of 
PV technology. Because the array is the most 
visible part of any PV system, unattractive 
array installations may lead to poor public 
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perception of PV systems and unwillingness 
of others to implement such systems on their 
own buildings or properties. In many cases, 
the appearance of an array presents tradeoffs 
with other system design and installation 
issues. Design considerations must be ap- 
propriately balanced with respect to safety 
and performance. A number of architectural 
principles may be applied to PV system 
design and installation that can improve 
appearance and public perception without 
significantly affecting cost or performance. 
See Figure 10-4. 

For arrays mounted on sloped roofs, the 
lines and location of the array should be con- 
sistent with building features. Arrays should 
be mounted parallel to the roof surface, cen- 
tered and square with the rooflines and edges. 
Modules should be of the same size and shape 
and aligned in the same direction. Roof ob- 
structions, such as roof vents, chimneys, or air 
conditioners, that interrupt contiguous groups 


v Aesthetic Installations 


Oo WE Ian 
Figure 10-4. PV systems that match the shape, 


color, and/or alignment of the mounting surface 
produce aesthetically pleasing installations. 


Some PV modules are actually windows that produce elec- 
tricity while letting a portion of sunlight into the building. A 
: : j further innovation on this idea uses photochromic technology 
of modules should be avoided if possible. Flat to change the opacity of the window material and regulate 
rooftops are less visible from the ground and interior natural lighting. 


often use racks to tilt the array. 
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Figure 10-3. Modules mounted directly on the roof surface increase the heat transfer into a building. 
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Color may be a consideration in choosing 
and integrating modules. The color of PV cells 
is generally determined by the manufacturing 
technology, ranging from dark red to gray to 
bright blue. Sometimes module manufacturers 
offer color choices for the module frame. If 
choosing the color of modules is not an option, 
the colors of building features may be adjusted 
to blend with the array. 

Reflections and glare from arrays can cause 
annoyances or serious safety issues, affecting 
nearby buildings, people, traffic, and even air- 
craft. Reflections can be especially problemat- 
ic for highly tilted arrays at northern latitudes, 
when the sun is low in the sky. However, glare 
is typically limited to specific points of view 
and times of the day and year. If reflections 
are a concern, the installer can evaluate solar 
incidence angles to identify the locations and 
times with significant glare issues to determine 
the best mounting option. 

Finally, the quality of workmanship on 
the overall system installation affects the 
aesthetic appearance of PV systems. Array 
support structures, hardware, and electrical 
wiring, conduit, and junction boxes should be 
as inconspicuous as possible, neatly gathered 
or concealed beneath the array. The routing 
of conduits or conductors from the array to 
other components should be as inconspicuous 
as possible, especially in locations where it 
passes through a roof or eave. Installation of 
a PV system and related equipment in a neat 
and professional manner improves the overall 
appearance of the system. 


Costs 


The mechanical integration and structural 
installation of an array is often the largest 
variable in overall system costs, ranging from 
as little as 10% to more than 40% of initial 
system costs. Custom, site-specific designs can 
incur especially high costs, due to additional 
engineering and architectural requirements 
and nonstandard installation. However, the use 
of standard mounting designs and installation 
techniques is becoming more common, which 
helps keep mechanical integration costs down. 
Mechanical integration costs are approximately 


proportional to the physical area of the array. 
Consequently, modules and system designs that 
are more efficient, and therefore require less 
area, reduce overall system costs. Other ways 
to reduce costs for mechanical integration may 
require a tradeoff with desirable features. For 
example, alternative materials may cost less 
than standard materials, but may also be less 
resistant to corrosion. 

Reducing installation time by careful prepa- 
ration can significantly reduce costs. For ex- 
ample, it is faster and easier to assemble panels 
or subsystems on the ground before installing 
them on the roof. See Figure 10-5. Assembling 
components on the ground is also safer. 


SolarWorld Industries America 


Figure 10-5. Assembling PV subsystems such 
as panels before lifting them to the roof is often 
easier and reduces installation time. 


ARRAY MOUNTING SYSTEMS 


An array mounting system must securely hold 
modules in the most favorable orientation pos- 
sible. Several types of mounting systems have 
been developed to meet these requirements for 
a variety of applications. 

Most flat-plate modules have a similar con- 
struction and are secured by their frame, either 
with fasteners through factory-drilled holes or 
by clamping the module frame to a structural 
support. Several manufacturers offer universal 
hardware for installing most types and sizes of 
modules onto a variety of mounting systems. This 
standardization makes PV systems versatile, in- 
creases installation options, and reduces the costs 
associated with design, materials, and labor. 
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The simplest and most common type of ar- 
ray mount for modules is the fixed-tilt type. A 
fixed-tilt mounting system is an array mounting 
system that permanently secures modules in 
a nonmovable position at a specific tilt angle. 
An adjustable mounting system 1s a variation 
of a fixed-tilt array mounting system that 
permits manual adjustment of the tilt and/or 
azimuth angles to increase the array output. 
See Figure 10-6. The tilt angle is decreased 
for the summer when the sun is higher in the 
sky, and increased for the winter when the sun 
is lower. Manual tilt adjustments are usually 
made monthly or seasonally. 


* Module Mounting Systems 
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Figure 10-6. Mounting systems may hold mod- 
ules at a fixed tilt, or may allow adjustments to be 
made to the tilt for greater solar energy gain. 


Fixed-tilt and adjustable-tilt mounting 
systems are further differentiated by whether 
they mount to a building or thc ground, and 
by the design of the support structure. Each 
type of mounting system has advantages and 
disadvantages in terms of cost, performance, 
ease of installation, and maintenance, and may 
affect the amount of solar energy received on 
the array surface. 


Building Mounting Systems 

Rooftops often offer the best opportunities for 
the installation of arrays on buildings, because 
they are usually large unused spaces that are 
high enough to avoid significant shading from 
nearby obstructions. Direct mounts, roof rack 
mounts, and standoff mounts are all designs 
for mounting arrays on buildings. 


Direct Mounts. A direct mount is a type 
of fixed-tilt array mounting system where 
modules are affixed directly to an existing 
finished rooftop or other building surface, 
with little or no space between a module 
and the surface. See Figure 10-7. Direct 
mounting of conventional flat-plate mod- 
ules is not recommended because the lack 
of cooling from natural airflow (breezes) 
results in high array operating temperatures. 
INOCT for direct-mounted modules is the 
highest among building mounting systems. 
Temperature-rise coefficients for direct 
mounts can be as high as 40 to 50°C/k W/m? 
(72 to 90?F/KW/m?). Accessibility to indi- 
vidual modules for installation and main- 
tenance can also be a problem with direct 
mounts, though their low profile can produce 
very attractive installations. 


* Direct Mounts — 
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Figure 10-7. Direct mounts have little or no 
space between the modules and the mounting 
surface. 


Roof Rack Mounts. A rack mount is a type of 
fixed- or adjustable-tilt array mounting system 
with a triangular-shaped structure to increase 
the tilt angle of the array. Rack mounts are 
used on flat or low-pitched roofs, as well as 
for ground mounts. While rack mounts may be 
more expensive than other common mounting 
designs, they are simple to install and are flex- 
ible in the module types and tilt angles they 
can accommodate. See Figure 10-8. 
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Figure 10-8. Roof rack mounts secure modules 
on a triangular trusslike structure that mounts to 
flat or low-tilt roofs. 


Since rack mounts use an open, trusslike 
structure, air can circulate freely around the 
modules and keep them cool. INOCT for rack- 
mounted arrays is the lowest among building 
mounting systems, and temperature-rise 
coefficients are as low as 15 to 20°C/k W/m? 
(27 to 36?F/kW/m?). This type of structure 
also allows access to the back surface and 
electrical terminations of the modules, 
simplifying installations and maintenance. 
However, because of their higher profile, 
rack mounts may experience higher wind 
loads than do arrays mounted closer to build- 
ing surfaces. 

In some cases, rack mounts may be used 
on pitched roof surfaces to increase the tilt 
angle of the array above the roof pitch. If a 
roof does not face south, rack mounts may be 
rotated from the east or west to face the sun 
and increase solar energy received. However, 
racks mounted obliquely to surfaces should be 
avoided unless no other options exist. 


Standoff Mounts. A standoff mount is a 
type of fixed-tilt array mounting system 
where modules are supported by a struc- 
ture parallel to and slightly above the roof 
surface. See Figure 10-9. Most standoff 
mounts are designed to hold modules to 
support rails that are attached to the roof by 


brackets. Standoff-mounted arrays are by 
far the most common, preferred, and least- 
expensive method for installing arrays as a 
retrofit to existing rooftops, as well as for 
new construction. 


£ Standoff Mounts — 
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Figure 10-9. Standoff mounts allow several 
inches of space between the modules and the 
mounting surface. 


Standoff mounts allow air to circulate 
beneath the array, keeping modules cool and 
reducing heat gain into buildings. INOCT for 
standoff arrays is a function of the standoff 
height. Standoff heights from 1" to 3" have 
a high INOCT, standoff heights from 3" to 
6" are somewhat cooler, and standoff heights 
above 6" are the lowest INOCT for standoff 
arrays. However, increasing standoff height 
also increases wind loads and may adversely 
affect the aesthetic appearance. In general, 
standoff mounts should be installed between 
3" and 6" from the top of the module and the 
roof surface. Temperature-rise coefficients for 
this height range are around 20 to 30?C/KW/m? 
(36 to 54?F/KW/m?). 

Like most types of mounting systems, 
standoff arrays are built in a modular fash- 
ion by assembling portions of the array into 
electrical and mechanical panel units, and 
integrating the assemblies together on the 
rooftop. These designs also provide reason- 
able access to the underside of the array for 
inspection, troubleshooting, and maintenance, 
by detaching a few module fasteners. 


Standoff mounts are attached directly to 
building structural members, such as roof 
trusses or rafters, never to decking. In most 
cases, standard standoff mounting hardware 
allows for direct attachments from above the 
roof surface, but some designs may require 
access to attics or spaces underneath the roof 
and array. This ensures a strong and reliable 
structural connection, but can be more time 
consuming and costly to install. 

Structural attachments for smaller standoff 
panels may use four attachments at corner 
points, while larger panels might use six or 
more attachments distributed across the en- 
tire length of the panel. One disadvantage of 
standoff mounts is the relatively large number 
of structural attachments required, typically 
around 4 to 6 attachments for every 20 ft? to 
40 ft? of array surface area. Each attachment 
is a roof penetration that must be properly 
sealed against weather. 


Building-Integrated Systems 


A building-integrated photovoltaic (BIPV) 
array is a fixed array that replaces con- 
ventional building materials with specially 
designed modules that perform an architec- 
tural function in addition to producing power. 
BIPV arrays can be integrated into roofing, 
windows, skylights, curtain wall sections, or 
complementary architectural features such as 
awnings, facades, or entranceways. See Fig- 
ure 10-10. Some BIPV systems may replace 
only the outermost building material, such as 
roof shingles, while others may replace the 
entire thickness of a portion of building shell, 
such as the entire assembly of roof shingles, 
substrate, and decking. BIPV arrays are most 
often incorporated into new construction for 
large commercial buildings, but can be used 
in residential and small commercial structures 
as well. Some designs may be available as 
retrofits. 

The cost of the array is partially offset 
by avoiding the costs of some of the con- 
ventional building materials, though high 
engineering and architectural costs often 
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features because they are so thoroughly in- 
tegrated into the building's appearance. 

Of the many possibilities for BIPV arrays, 
roofing replacement has been one of the most 
popular, since roof surfaces are generally well 
oriented to receive solar energy. Common BIPV 
roofing products have been designed to replace 
asphalt shingles, slates, tiles, and metal roofing. 
In addition, roofing is often replaced at least 
once during a building's life, making BIPV 
retrofits an attractive option for reroofing. 

Windows, skylights, and other building 
surfaces are also possible BIPV applications, 
though they are not as popular because they 
are often not optimally oriented. Another chal- 
lenge is that BIPV windows and skylights must 
have some degree of transparency to retain 
their dual function. Some use standard cells 
spaced farther apart in a transparent laminate, 
utilizing the clear spaces between the cells to 
allow some light through. However, the low 
cell density reduces the overall area efficiency. 
Thin-film products can also be modified to 
various levels of transparency by changing 
the backing material. However, since much 
of the light then passes through, the efficiency 
of these modules is also reduced. There are 
many opportunities to improve BIPV module 
designs, including more efficient modules or 
new technologies in fully transparent or semi- 
transparent PV materials. 


Standoff mounting systems often consist of long rails that hold the array together as 
a rigid structure and create a gap between the roof and the modules for airflow. 


outweigh the savings. However, BIPV arrays 
have favorable aesthetic and architectural 


264 Photovoltaic Systems 


« Building-Integrated PV Arrays 


gs pe Corp. 
SHINGLES 


of 


i DOE/NREL, Lawrence Berkeley Lab 


SKYLIGHTS 


WINDOWS 


EE 
| | 
m ak, | SC A 


| | | | Í 
TIN MES 
i 
| EI 
| I 
DOE/NREL, University of Texas Health Science 
Center at Houston 


AWNINGS 


Figure 10-10. PV modules can be integrated into building exteriors as roof shingles, windows, Sky- 


lights, awnings, and many other structures. 


Ground Mounting Systems 


Arrays are often ground mounted when suit- 
able space on a roof is not available, or for 
stand-alone remote-power applications where 
no alternative exists. Arrays can also be in- 
stalled on structures other than buildings, such 
as navigational aids, communications towers, 
signs, bridges, trailers, and vessels. Common 
ground-mounted array designs include rack 
mounts and pole mounts. Sun-tracking systems 
are also usually mounted on the ground. 
Ground-mounted arrays generally offer 
morc flexibility than building-mounted ar- 
rays in the location and orientation of arrays, 
allowing for optimal solar energy gain. These 
systems operate at lower temperatures than do 
most building mounts, due to greater airflow 


around the array. Ground-mounted modules 
are also more accessible for adjustments and 
maintenance. As with any array, ground- 
mounted arrays must be appropriately secured 
to resist wind loads and other forces acting on 
the array and its attachment points. 


Ground Rack Mounts. Rack mounts are ex- 
tremely versatile in securing modules in any 
orientation and tilt, and are used in both build- 
ing and nonbuilding mounting systems. Rack- 
mounted arrays can be installed on poles, walls, 
directly on the ground, or on an intermediate 
superstructure between the rack and the ground. 
They can also be installed in multiple rows for 
larger arrays. For rack-mounted arrays on the 
ground, the array support structure is gener- 
ally anchored to the ground with concrete piers, 


footers, earth anchors, or a foundation of pres- 
sure-treated timbers buried in the ground. See 
Figure 10-11. Wood construction is generally 
avoided in PV system installations, but high- 
quality pressure-treated timbers or railroad ties 
may provide adequate long-term performance 
for mounting foundations. However, local fire 
codes must be consulted in these situations be- 
cause this practice may not be allowed in some 
jurisdictions. 


* Ground Rack Mounts 
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Figure 10-11. Ground rack mounts are versatile 
designs that can accommodate both large- and 
small-scale installations. 


Since rack-mounted arrays on the ground 
are lower than roof-mounted arrays, shad- 
ing may be more of a concern due to nearby 
trees, vegetation, fences, buildings, and other 
obstructions. Also, arrays installed at ground 
level may present a safety hazard to the public, 
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or may be more vulnerable to incidental physi- 
cal damage or vandalism. If ground-mounted 
arrays need protection, chain-link fencing is 
preferred over solid fencing to maintain ad- 
equate air circulation around the array. 


Pole Mounts. A pole mount is a type of ar- 
ray mounting system where modules are 
installed at an elevation on a pedestal. See 
Figure 10-12. Pole mounts may be fixed tilt, 
adjustable tilt, or sun tracking, and are typi- 
cally used for ground mounts or attached to 
other structures. They are generally not used 
on buildings. Since pole-mounted modules can 
be placed at a significant height, they are often 
protected from harm and positioned above the 
shadows of nearby obstructions. 


Figure 10-12. Pole-mounted arrays can be used 
in a variety of applications, such as lighting, com- 
munications, water pumping, and signage. 


- Pole-mounted arrays can be attached to either the top or the 


- side of a pole. Mounting an array at the top of the pole allows 
more versatility in array orientation. 


ke: 
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Pole mounting systems often allow changes 
to the azimuth orientation by rotating either 
the array or the pole. Care should be taken to 
ensure that the pole itself, or any other arrays or 
equipment located on the pole, will not shadow 
the array at any critical time, especially when 
the sun is in the northern part of the sky in 
morning and afternoon in summer. 


Disadvantages for pole-mounted arrays 
include inherent limitations on the size of ar- 
ray that can be installed on a given pole, and 
that special lifting equipment is often needed 
to install, inspect, and maintain the array. De- 
pending on the strength of the pole, the size 
of the array, and its height above the ground, a 
pole may be set directly into an auger hole and 
the soil compacted, or it may be necessary to 
set the pole base on a concrete foundation, and 
secure it with fasteners to the steel reinforce- 
ment in the concrete. 


Pole-mounted PV systems may also con- 
tain lights, weather stations, communications 
equipment, security cameras, or other devices, 
and these may or may not be powered by the 
array. For example, a stand-alone PV light- 
ing system may include the array, battery, 
controller, and light fixture all on one pole. 
Alternatively, a self-contained unit including 
a small array, battery, and security camera 
may be installed on an existing commercial 
light pole. 


The insolation values for both single-axis and two-axis sun- 
tracking surfaces can be found in the solar radiation data set 
for the nearest location. This makes it very easy to compare 


the potential gain in power output from sun tracking to fixed- 
orientation surfaces. 


Sun-Tracking Systems 


Fixed- and adjustable-tilt mounts are the easi- 
est to install and maintain, but they sacrifice 
energy gain because the array is not always in 
the optimal orientation to the sun. Sun-tracking 
arrays can follow the path of the sun, enhanc- 
ing the amount of energy collected. However, 
they are complex systems and require a greater 
investment in expense and installation time. 


A sun-tracking mount is an array mounting 
system that automatically orients the array to 
the position of the sun. This can increase annual 
solar gain by as much as 40% in some areas 
when compared to a fixed-tilt mounting design. 
Sun-tracking mounts are classified according to 
the number and orientation of the axes rotated to 
track the sun, and by the means of rotation. 

A single-axis tracking mount rotates one 
axis to approximately follow the position 
of the sun. The mount may rotate the verti- 
cal axis, which changes the azimuth angle, 
or the north-south axis, which allows the 
array to follow the sun from east to west. 
See Figure 10-13. Most single-axis track- 
ing mounts can also be manually adjusted 
for tilt. Single-axis tracking mounts can be 
mounted atop vertical poles or on horizontal 
supports in long rows. 

To exactly follow the sun's position (solar 
altitude and azimuth), two-axis tracking is 
required. A two-axis tracking mount rotates 
two axes independently to exactly follow the 
position of the sun. See Figure 10-14. Two- 
axis tracking maximizes the amount of solar 
energy received. Altitude-azimuth tracking 
uses the vertical and tilt axes. The vertical axis 
rotates to follow the sun's azimuth angle and 
the tilt axis rotates to follow the sun's altitude. 
Equatorial tracking uses the north-south and 
tilt axes. The north-south axis rotates to fol- 
low the sun from east to west in an arc. The 
tilt axis needs to be activated to adjust the tilt 
only periodically throughout the year. Two- 
axis tracking mounts are generally mounted 
atop vertical poles to allow sufficient room 
for movement. 

The movement in trackers is produced by 
either active or passive means. An active track- 
ing mount is an array mounting system that uses 
electric motors and gear drives to automatically 
direct the array toward the sun. Active tracking 
mounts may track in either one or two axes. The 
tracking direction is determined by a computer 
calculating the sun's position, or with sun-seek- 
ing sensors. In order for active tracking mounts 
to be effective, the solar energy gained by track- 
ing must more than compensate for the higher 
system cost and additional electrical energy 
used by active tracking motors. 


A passive tracking mount is an array mount- 
ing system that uses nonelectrical means to 
automatically direct an array toward the sun. 
Refrigerants can be used to move the mount, 
because they vaporize and expand when heated 
by the sun. The expanding fluid causes the 
tracker to pivot toward the sun as the weight of 
the fluid shifts from one side of the tracker to 
the other. An alternate design uses refrigerant 
to operate a hydraulic cylinder and linkage ar- 
rangement. The control of the tracker direction 
for both designs uses sunshades to regulate the 
heating of the fluid by the sun. Passive tracking 
mounts typically control only one axis. 


£ Single-Axis Tracking — — — 
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The value of a tracking array depends 
on whether the additional energy produced 
offsets the added cost and complexity of the 
equipment. The energy gain must also offset 
the increased maintenance and troubleshoot- 
ing likely with these systems. The moving 
parts may require periodic calibration and 
lubrication. 


Utility-scale systems often use tracking 
systems to maximize array output. Tracking 
results in the greatest energy enhancement in 
the summer, when days are long, particularly in 
high latitudes. Trackers are less beneficial in the 
winter, when days and sun paths are short. 


AUTOMATED 
EAST-WEST 
ROTATION 


EAST-WEST TRACKING 


Figure 10-13. Single-axis tracking mounts rotate one axis to approximately follow the sun as it moves 


across the sky. 
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Figure 10-14. Two-axis tracking mounts rotate two axes to exactly follow the sun as it moves across 


the sky. 
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MECHANICAL INTEGRATION 


Based on the site survey, structural evaluation, 
customer requirements, and other consider- 
ations, a suitable mounting system is chosen 
for an array. The installer must then consider 
several factors in its mechanical integration, in- 
cluding selecting the appropriate materials and 
attachment methods based on the location and 
an analysis of the structure or foundation. 


Materials 


Because PV systems are exposed to outdoor 
elements, materials for structural supports 
and other system hardware must be chosen 
to withstand environmental conditions with- 
out degrading. Degradation can increase 
maintenance costs, decrease functionality 
and serviceability, affect overall appearance, 
and create an unsafe situation. Any materials 
used should match the expected 20- to 30-year 
service lifetime of the overall system under 
the given site conditions. Wooden exterior 
structures are usually avoided because they 
may degrade in less time than PV systems are 
expected to last. However, wood may be used 
in interior spaces, such as attics, to help sup- 
port atrays mounted on the roof, and pressure- 
treated wood may be used as primary ground 
support for stand-alone rack-type arrays. 

Corrosion can make servicing and adjust- 
ments difficult. Wherever possible, corrosion- 
resistant materials should be used in all parts 
of the array structure. Corrosion is most preva- 
lent in hot, humid, and marine climates, and 
corrosion rates may be 400 times higher in 
southern coastal areas than in the arid desert 
locations. Stainless steel alloys 316 and 403 are 
recommended for most fasteners, particularly in 
humid and marine climates, while hot-dipped 
galvanized or coated steel fasteners and struc- 
tural members are acceptable in drier climates. 
Aluminum structural alloys 6061 and 6063 are 
commonly used in array designs because they 
are particularly corrosion resistant, lightweight, 
and relatively inexpensive. 

Galvanic corrosion results from direct con- 
tact of dissimilar metals. Galvanic corrosion is 
an electrochemical process that causes electrical 
cutrent to flow between two dissimilar metals, 


which eventually corrodes one of the materi- 
als (the anode). See Figure 10-15. The rate of 
corrosion depends on the properties of the two 
metals in contact, as well as temperature and 
humidity. Aluminum (module frames) and steel 
(mounting structures) combinations are particu- 
larly prone to galvanic corrosion. Galvanic cor- 
rosion can be mitigated by electrically insulating 
the metals with rubber or fiber materials or by 
adding sacrificial anodes. 

A sacrificial anode is a metal part, usually 
zinc Or magnesium, that is more susceptible to 
galvanic corrosion than the metal structure it 
is attached to, so that it corrodes, rather than 
the structure. See Figure 10-16. Therefore, 
sacrificial anodes must be replaced periodically. 
However, they are typically only needed in the 
most extreme marine or coastal environments. 
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Figure 10-15. Galvanic corrosion can occur 
when two dissimilar metals are in contact with 
each other. 
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Figure 10-16. Sacrificial anodes are more prone 
to galvanic corrosion than the metal they protect, 
so they corrode first. 
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Certain types of rubber compounds may 
degrade quickly under UV exposure, although 
EPDM or butyl rubber materials offer good 
performance and can be used to isolate dis- 
similar metals. Antiseize compounds applied 
to threaded fasteners retard corrosion and 
make the fasteners easier to assemble and 
remove later. Also, any electrical conductors 
and other electrical components exposed to 
sunlight should be explicitly labeled for UV- 
resistance. 


Structural Loads 


Arrays, modules, mounting systems, fasteners, 
and buildings must withstand the maximum 
forces expected from several types of structural 
loads. Structural loads on arrays are deter- 
mined by the size, weight, and orientation of 
the modules, prevailing site conditions, and 
other application-specific issues. The principal 
types of structural loads are dead loads, live 
loads, wind loads, snow loads, and vibration 
loads. These loads are either static (constant) 
or dynamic (changing). 

Depending on the location, some loads may 
be more significant than others. In Florida, 
for example, wind loads are most important 
because the area is prone to hurricanes, while 
snow loads are nonexistent. In the Midwest, 
however, snow loads may be significant. 

Most structural loads are based on unit area, 
and are typically represented in pounds per 
square foot (psf or Ib/ft?). For noncritical ap- 
plications, the load is generally assumed to act 
evenly over the entire area. See Figure 10-17. 
When the load pressure must be applied to a 
set number of points, such as the attachment 
points of an array, the load is divided between 
the points. 

Arrays and their attachment points must 
be designed and installed to withstand the 
forces from a combination of structural loads. 
A design load is a calculated structural load 
used to evaluate the strength of a structure 
to failure. Each type of structural load has a 
design load, which is a calculated estimate of 
the load the structure must withstand. Design 
loads are estimated because the actual load can 
sometimes only be measured after the structure 


is built. Some types of design loads, such as 
wind load, are much greater than the actual 
average load because the source of the load is 
highly variable and structures must withstand 
the worst-case scenarios. Other types of loads, 
such as dead loads, can be calculated from the 
actual weight of building materials, which is 
constant, so the design dead loads are usually 
only a little higher than actual dead loads. 
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Figure 10-17. Most structural loads are specified as a force per area. 
When the area attaches to other structures at certain points, the load 
is divided between the points. 


Local building codes dictate the require- 
ments for addressing structural loads, though 
most use the same building standards and have 
similar requirements. The American Society of 
Civil Engineers (ASCE) publishes the govern- 
ing standard on structural loads used in most 
building codes throughout the United States, 
ASCE 7-05 Minimum Design Loads for Build- 
ings and Other Structures. 

Many installations take advantage of pre- 
engineered mounting systems or complete 
PV system packages, which have already 
been analyzed for potential structural loads. If 
installed according to the manufacturer's rec- 
ommendations, these structures are designed 
to withstand all types of structural loads under 
common conditions. However, custom or 
altered designs may require independent engi- 
neering or testing to certify compliance to local 
building codes. In either case, the installer 
might not be responsible for a detailed struc- 
tural analysis, but should be familiar with the 
factors affecting loads and understand when to 
consult with engineering professionals. 
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Ó Safety Factor 


The ratio between an expected service load and the corresponding actual failure load is 
the safety factor. Many formulas, particularly those having to do with structural loads and 
occupied buildings, include safety factors in the calculations. A safety factor in structural 
calculations is a multiplier used to increase the design load far above normally expected 
loads. This means that a structure built to withstand high design loads will easily withstand 
smaller loads. This also gives the structural design a large margin of safety that should 
cover worst-case scenarios. 

The safety factor may be explicitly given in the formula, such as with a variable, or may be 
embedded in the formula in a way that is not easily discernable. For example, the allowable 
withdrawal load for lag screws includes a safety factor of 4.5. That is, the stated allowable load 
for the screws is less than one-quarter of the actual failure load. For example, if a lag screw 
has an allowable withdrawal load of 100 Ib/in., it can actually handle loads up to 450 Ib/in. 
before the attachment fails. Safety factors in structural design are always equal to at least 
4, and may be higher for applications with more significant consequences of failure. 


Dead Loads. A dead load is a static structural 
load due to the weight of permanent building 
members, supported structure, and attachments. 
See Figure 10-18. In the case of PV systems, 
the dead load is equal to the combined weight 
of the modules, mounting structure, and BOS 
components, divided by the area of the array. 
Less weight or greater area decreases the dead 
load. Since it is based on weight, a dead load acts 
only downward. Dead loads affect the mounting 
structure of the array and the building or founda- 
tion to which it is attached. Dead loads are often 
the smallest of the structural loads. Based on 

a m typical weights of modules and support structures 
SPG Solar, Inc. and their installation density, dead loads of PV 
Low tilt angles reduce power output at high latitudes, but also reduce wind loads.. systems are about 5 psf to 10 psf. 
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Figure 10-18. Dead loads result from the weight of arrays and permanent components. Live loads 
are caused by the weight of people and/or items that are temporarily on the structure. 


Live Loads. A live load is a dynamic structural 
load due to the weight of temporary items and 
people using or occupying the structure. The 
live load is equal to the combined weight of all 
temporary objects, divided by the area of the 
array. Less weight or greater area decreases the 
live load. A live load also acts only downward. 
Generally, live loads on arrays are infrequent and 
minimal, such as from maintenance equipment 
or a person briefly leaning on a module. Many 
live loads to mounting systems can be avoided 
by using scaffolding or bucket lifts to access the 
array, or installing modules with enough space 
between them for access. When unavoidable, live 
loads can be reduced by distributing a weight 
over a greater area by using temporary platforms 
across modules. With these practices, live loads 
are often as low as 5 psf to 10 psf. 


Wind Loads. A wind load is a dynamic struc- 
tural load due to wind, resulting in downward, 
lateral, or lifting forces. See Figure 10-19. 
Wind loads are typically the most significant 
of all the types of structural loads, and can 
range from 25 psf to over 50 psf. Wind loads 
can be especially large in coastal areas. Local 
building codes may have a minimum design 
wind load, often 10 psf, even if calculations 
indicate lower loads. 

Calculating design wind loads involves 
complex formulas including many variables, 
some of which are not easily quantified. 
Mounting system manufacturers usually 
provide guidance on these calculations with 
respect to their mounting type and common 
PV modules. However, for most PV system ap- 
plications, three primary factors influence wind 
loads: wind speed, exposure, and array tilt. 

The basic wind speed is the maximum value 
of a3 sec gust at 33’ (10 m) elevation, which is 
used in wind load calculations. The local building 
code authority may provide this information, or it 
can be determined from a map. See Figure 10-20. 
Low wind speeds are typical for interior regions, 
while wind speeds up to 150 mph are used in 
calculations for coastal areas prone to hurricanes. 
Special wind regions in certain mountain areas 
and other areas prone to high winds require more 
information from the local AHJ. Higher wind 
speeds increase the wind load on surfaces. 
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Figure 10-19. The wind-load forces at attachment 
points can be downward, lifting, or lateral forces, 
depending on wind direction and the orientation 
of the array. 


Exposure is a wind load factor that accounts 
for the array height and the characteristics of 
the surrounding terrain. For example, urban or 
suburban areas, wooded areas, or other areas 
with closely spaced obstructions reduce the 
wind forces on surfaces. Conversely, flat un- 
obstructed areas, such as grasslands and water 
surfaces, increase potential wind loads. 

The tilt angle of a surface greatly affects 
potential wind loads. Wind loads are small for 
array tilt angles around 20°, and increase with 
larger tilt angles up to 90? (vertical). Large 
wind loads also occur at low tilt angles of 10? 
to 15°. Even though the array may tilt away 
from the wind direction (like a wedge), an 
array at low angles may act like an airfoil and 
experience lifting forces from the wind. 
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Figure 10-20. Basic wind speeds are region-specific and are highest in coastal areas prone to 


hurricanes. 


The location of the array, and therefore the 
basic wind speed, cannot easily be changed 
to decrease wind loading. However, several 
other methods can be used to reduce wind 
loads. Minimizing the profile height for rack- 
mounted arrays, perhaps by using multiple 
short racks instead of a single tall rack, and 
lowering the overall altitude of the array re- 
duces the exposure to the wind. Avoiding tilt 
angles greater than the roof pitch and locating 
arrays near the center of roofs, away from the 
edges, may also help. Arrays with the longer 
dimension oriented along the wind direction, 
as opposed to across it, experience lower 
wind loads. Keeping standoff heights low and 
undersides clear of obstructions are additional 
means of minimizing wind loads. 


Wind load calculations include a topographic factor that ac- 
counts for the acceleration of wind over steeply sloping terrain, 


resulting in increased wind loads. This factor may affect PV 
installations near sharp changes in ground elevation, such as 
ridges or escarpments. 


Snow Loads. A snow load is a static structural 
load due to the weight of accumulated snow. 
Snow loads cause forces similar to dead loads, 
but the magnitude can vary greatly according 
to amount of snow. 

Significant snowfall is expected only at 
high latitudes, where arrays typically have 
large tilt angles to maximize solar energy 
gain, and snow is less likely to accumulate 
on steeply sloped arrays. However, when 
the tilt angle is smaller because of roof 
geometry or for maximum summer energy 
gain, the weight of snow on an array can be 
significant. Ground-mounted arrays are also 
vulnerable because snow can accumulate or 
drift high enough to load the structure. 

Some sunlight can pass through light snow 
into the modules, warming the cells, which 
usually melts the snow or causes it to slide off 
the array. If snow does not melt off in a rea- 
sonable amount of time, it should be promptly 
removed. Besides the structural loads from the 
weight, snow cover shades the array, severely 
limiting the electrical output. 


Snow loads vary greatly by region. Snow load 
maps show the approximate loads for various 
regions of the United States. See Figure 10-21. 
However, in some areas snowfall is too variable 
to assign specific snow load values. Snow loads 
in such areas must be evaluated on a case-by-case 
basis to determine the most appropriate value for 
structural calculations. 


Vibration Loads. A vibration load is a dynamic 
structural load due to periodic motion. Vibration 
loads can produce oscillations of varying mag- 
nitudes and frequencies, but the forces are most 
severe at the resonant frequency. Resonance 
is the condition when a vibration frequency 
matches the fundamental frequency of the struc- 
ture. Structures can sometimes be designed to 
avoid naturally occurring resonant frequencies. 
Special shock-absorbing structural members 
can also be used to dampen vibration. 


Vibration loads can be caused by nearby 
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Attachment Methods 


A variety of attachment methods may be 
used to install arrays and other equipment 
on buildings and other structures. The type 
of mounting system, mounting surface, and 
anticipated loads determine the best type of 
attachment method. Structural attachments 
made directly to a building or other founda- 
tion must be able to withstand the expected 
mechanical loads that work to pull the mount 
from its foundation. Most designs use conven- 
tional threaded fasteners and screws, while 
others use special clamping fasteners to hold 
modules in position on support structures. 
Some arrays require no attachments at all to 
a building rooftop or the ground. 


Most modules are designed to be rigid, though loads will 
deflect the glass and frames slightly. For each module model, 
module manufacturers specify the maximum allowable de- 
flection that does not result in damage. Mounting system 
manufacturers use this information to recommend the amount 
of spacing between attachment points to avoid damage from 
deflection. For a given load, spacing the attachment points 
closer together leaves less unsupported module area, which 


construction or heavy equipment, and, in 
certain regions, seismic activity. For most in- 
stallations on permanent structures outside of 
seismically active regions, vibration loads will 
be minimal. However, portable arrays mounted 
onto trailers or vehicles are especially prone 


to vibration loads. In these cases, mounting 
systems may require special engineering. 
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Figure 10-21. Snow loads cause forces similar to dead loads, but the potential magnitude of a snow 


load varies greatly among geographic regions. 
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Individual modules or panels may be in- 
stalled first on an intermediate support. The 
connection methods for intermediate supports 
are manufacturer-specific and those from 
reputable companies are well engineered for 
common structural loads. However, a primary 
connection between a bracket, plate, or struc- 
tural angle and a building or foundation must 
be made. This connection method will often be 
chosen by the installer, though manufacturers 
may provide recommendations. 

Mounting system attachments should be 
made through the roof cladding and into build- 
ing structural members, such as rafters. Most 
mounting systems allow direct attachments 
from the exterior roof surface, though some 
methods or situations require access to attics or 
other under-roof spaces. This may occur when 
the locations of support brackets are limited 
and new structural members must be added 
to accommodate the attachment points. With 
rare exceptions, arrays should not be attached 
to plywood decking or other roof covering 
without also engaging structural members. 


Lag Screws. Most mount brackets can be 
fastened into roof rafters directly from the 
exterior roof surface. Lag screws are the most 
common fasteners for attaching array mounts 
to rooftops since many roofs do not have 
access to the underside for other mounting 
methods. See Figure 10-22. Lag screws look 
like very large wood screws with a hex-shaped 
head. Wrenches are used to drive lag screws 
into predrilled pilot holes. 


k * Lag Screw Screws. No 
MOUNTING 


PENETRATION 
DEPTH 


THICKNESS 

OF ROOF 

DECKING AND 

COVERING ROOF 
RAFTER 


Figure 10-22. Lag screws are the most common 
type of fastener used to attach array mounting sys- 
tems to wood structures, usually residential roofs. 


Each lag screw must be properly secured 
into the roof structure. Most rafters are only 
1V2" wide, and determining the exact center of 
the rafters from above a roof can be difficult, 
particularly when rafters are not exactly paral- 
lel. The approximate locations can be found 
by hitting the roof surface with a hammer and 
listening for a change in sound. The centers 
of the rafters can usually then be located with 
a quality stud finder. If a lag screw continues 
to turn after seating a bracket, it is likely not 
embedded into the structural member and only 
sticking through the plywood decking. In this 
case, the hole must be sealed and the attach- 
ment point redone. 

Lag screws are generally rated by their al- 
lowable withdrawal load. The allowable with- 
drawal load is the force required to remove a 
screw from a material by tensile (pulling) force 
M Since the required force Ne on Eo 


e density of the material ams) 23. 
The mum depth is the length of threaded 
portion of fastener embedded in a structural 
member. Common lag screw sizes are V4", 346”, 
and %” in diameter and 3” to 5" long. Pilot 
holes are typically 60% to 75% of the screw 
nominal shank diameter. Larger pilot holes are 
required for harder woods like common truss 
lumber, than for softer woods like framing 
lumber. Tables provide allowable withdrawal 
loads for various woods and screw sizes. 
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Figure 10-23. Allowable withdrawal loads for lag 
screws are greater with larger screw diameter, 


deeper thread penetration, and higher-density 
lumber. 
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b Calculating Allowable Withdrawal Load Attaching mounts to a roof with bolts 


produces a stronger attachment than with lag 

For wood types not listed in tables, the screws, but requires access to spaces under the 
allowable withdrawal load can be calcu- roof. Bolts cannot be fastened into roof trusses 
Ri der a ls M or rafters like lag screws, but also should not 
popectic be fastened to the roof decking alone. Blocking 


gravity is similar to density and relates to : : 
the wood's strength and resistance. The and spanning are techniques used to strengthen 
bolt attachments. 


specific gravities of various types of woods 


can be found in engineering reference Blocking is the addition of lumber under a 
tables. Allowable withdrawal load can be roof surface and between trusses or rafters as 
calculated with the following formula: supplemental structural support. See Figure 
p= 1800 4?? D% 10-24. Boards for blocking are short pieces of 
where 2x40r2 x 6 lumber that are nailed or screwed 
p = allowable withdrawal load (in Ib/in.) into the rafters with at least two fasteners on 
y= specific gravity of wood each side. By stacking two blocking boards, 
D = nominal screw diameter (in in.) lag screws or bolts can be supported when 
required attachment points do not match rafter 

locations. 


Spanning is the addition of lumber under 
a roof surface and across trusses or rafters as 
supplemental structural support. See Figure 
10-25. Spanners are only used for bolt-type fas- 
teners, usually long threaded rods, and require 
intermediate blocking between the spanner and 
underside of the roof deck to keep the spanner 
from bowing under applied loads. 


When a lag screw is used to mount a bracket 
to a roof, it must pass through the combined 
thickness of the bracket, shingles or other roof 
covering, roof membrane, and decking, which 
can add up to more than 1^. This means that 
roughly 1^ of the length of the screw is not 
embedded in the rafter. The thickness of these 
materials must be accounted for in the length of 
the screw and the thread penetration depth. 


Bolts. Bolts are often used to secure modules Hand tools are recommended for tightening fasteners since 

" power tools can strip threads. Mounting system manufacturers 
may also recommend tightening fasteners to certain torque 
specifications. 


to mounts, and mounting system manufacturers 
specify (or sometimes include) the best sizes 
and types of bolts for use with their products. 
Bolts or threaded rods can also be used to attach 
the mounts to a building or structure. The sizes 
and types of fasteners for this part of the instal- 
lation may be left for the installer to choose. 
Common bolts have a hex head and are se- 
cured by a hex nut. Threaded rods are used when 
bolts are not long enough. Threaded rods are 
cut to the required length from long pieces, and 
fastened at both ends. Flat washers spread the 
load from a hex head or nut over a larger area, 
and lock washers or special lock nuts keep the 
fastener from loosening. Antiseize compounds 
are highly recommended for stainless steel lock 
nuts to prevent galling and cross-threading, and 
can facilitate servicing and disassembly as re- 
quired. Bolts and threaded rods are classified by 


the mechanical loads they can handle. Typical ifthe mounting system requires future adjustment or disassembly, antiseize paste 
bolt diameters include !4", 94e", and 98". should be used on the fasteners. This paste also helps during initial assembly. 
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Figure 10-24. Blocking is used to provide a structural member between roof rafters. 
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Figure 10-25. Spanning is used to provide a structural member across roof rafters. Blocking boards 


are required to support the spanner. 


J-Bolts. While not as common as lag screws 
and bolts, J-bolts may be used to attach mount- 
ing brackets. A J-bolt is a fastener that hooks 
around a secure support structure and has a 
threaded end that is used with a nut to secure 
items. See Figure 10-26. The use of J-bolts 
requires access to the underside of a roof, and 
they must be carefully sized to fit around the 
roof rafters or trusses. J-bolts are also less 


flexible in the placement of attachment points 
because the attachments must be precisely next 
to the truss or rafter. 

Self-Ballasting. Se/f-ballasting is an attachment 
method that relies on the weight of the array, 
support structure, and ballasting material to hold 
the array in position. Self-ballasted systems do 
not require direct structural connections with 
fasteners to a building or foundation. A major 
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advantage of self-ballasting systems is that there 
are no penetrations into the building surfaces, 
eliminating concerns about weather sealing of 
attachment points. They are also installed very 
quickly and use fewer fasteners. However, self- 
ballasted systems must be installed on level 
surfaces and may be limited to regions without 
high basic wind speeds. 
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Figure 10-26. J-bolts secure attachment points 
by hooking around structural members. 


Typical self-ballasted systems include 
containers or trays built into the bottom of the 
mount to hold a large amount of water, concrete, 
or sand. A simple yet effective mounting system 
consists of custom brackets that connect rows 
of modules and provide spaces in between for 
ballasting material. See Figure 10-27. 


Ground Foundations. Ground-mounted ar- 
rays, unless they use a self-ballasted mount- 
ing system, require a foundation for support. 
Foundation designs vary widely, but typically 
require concrete footers or bases. For ground- 
mounted racks, they are arranged similarly to 
roof attachment points, with the rack being 
secured at the corners and at set intervals 
along the edges. The concrete foundations 
may be embedded into the ground, or may 
rest on the ground surface like a self-ballasted 
system. See Figure 10-28. Wooden structures 
may be incorporated into ground rack foun- 
dations, typically as part of the aboveground 
support structure. 


* Rack Mount Ground Foundations 
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Figure 10-28. Ground foundations for rack 
mounts typically include concrete footers and 
may use wood as part of the aboveground rack 
structure. 
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Figure 10-27. Self-ballasting systems rely on the weight of the array, support structure, and ballasting 


material to secure the array Wi 


thout making roof penetrations. 
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.. Case Study. 


IBEW Local 363 Training Schoo! and Union Hall 


Location: Harriman, NY (41.3°N, 74.1°W) 


Type of System: Utility-interactive with custom roof mounting system 


Peak Array Power: 60 kW DC 
Date of installation: September 2005 
installers: Apprentices and journeymen 


Purposes: Supplemental electrical power, training, and demonstration 


Members of the IBEW Local 363 chose to implement a utility-interactive PV system at their training school and union 
hall. In addition to augmenting their utility electrical service, the local wanted to use the installation as an opportunity 
to introduce their apprentices and journeymen to PV-technology systems. 

Local 363 teamed up with PV industry organizations to design the mounting system and submit the grant applica- 
tion to the New York State Energy Research and Development Authority (NYSERDA), which provided nearly 60% of 


the cost of the system. 


IBEW Local 363 
Apprentices and journeymen build a section of the array 
indoors to test the installation procedure and examine ways 
of improving the mounting design. 


IBEW Local 363 


Local 363’s PV system produces about one-third of the 
electricity used by the building and provides continuing 
opportunities for PV training and experience. 


Roof penetration was a concern, so it was decided that the 
system should be self-ballasted, relying on the weight of the 
array itself and heavy ballasting materials to keep the modules 
on the roof. This type of system also simplifies the installation 
procedure because the attachment points consist of only a 
rubber roof pad, a special bracket, and the ballast. In this case, 
the ballast materials were concrete blocks. 

The mounting system is similar to shallow rack mounts, 
but consists of specially designed brackets to connect rows 
of modules. The brackets are a custom design that evolved 
through trial-and-error by the local and NPCP The appren- 
tices and journeymen would test each design by mocking 
up a section of the array indoors. Accessibility between 
module rows and ease of assembly (and disassembly, if 
needed) were the primary considerations. The first two 
designs proved to be too labor intensive. Suggestions for 
improvement were implemented into successive designs 
until the result was a simple, easy-to-install system that 
provided enough space between rows to allow personnel 
to access all parts of the array. 

The indoor installations also allowed the apprentices and 
journeymen to learn the procedures for laying out the brackets 
and installing the modules before going up on the roof, which 
saved time during the final roof installation. 

The final design utilizes a 12° tilt angle for the modules. 
While this angle is low for the New York region, it helps the 
system maximize summer energy production and has some 
other advantages. The low profile is considered aesthetically 
pleasing, avoids shading between rows, and reduces the pos- 
sibility of glare from the modules affecting neighbors. 

The system produces an estimated 66,000 kWh of 
electricity annually, providing about one-third of the facility's 
electricity demand. The PV system continues to provide 
training and experience opportunities and increases the 
knowledge and interest about PV applications among the 
apprentices and journeymen. 


Pole-mounted arrays are secured at only one 
location, which usually requires a deeper foun- 
dation in order to resist the twisting and bending 
forces from the wind and the weight of the array. 
The pole is usually embedded in concrete, but 
in some areas compacted soil alone can support 
and secure the mount. Another option may be 
to use screw piles, which are twisted into the 
ground like giant screws. See Figure 10-29. 

The type of soil and its strength determine 
which methods can be used. Local building 
requirements should be consulted in order to 
design adequate ground foundations for local 
soil types. 


Weather Sealing 


Weather sealing of structural attachments and 
penetrations is a major concern for arrays 
mounted on buildings. One small water leak 
can do considerable damage to a building, both 
structurally and aesthetically, as well as to 
consumer confidence. The weather sealing of 
attachments and penetrations through building 
surfaces should use accepted roofing industry 
practices and materials that meet or exceed the 
lifetime expectations for the PV system. 


£ Pole Foundations 
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The number of roof penetrations should 
be minimized, while still meeting structural 
support requirements. This saves time, re- 
duces costs, and minimizes the potential 
for leaks after installation. For example, 
using fewer strong attachments is generally 
better than using a greater number of weak 
attachments. 

There are a variety of materials and 
techniques for weather sealing, and meth- 
ods of application vary among the types of 
mounting systems. Caulking or gaskets are 
often used to seal under and around direct at- 
tachments of mounting brackets to building 


darmon ^ 
adhesion, resist degradation from long-term 


exposure to UV radiation, dispense easily, 
and cure in a reasonably short amount of. 
time? Polyurethane, elastomeric, butyl rub- 
ber, and asphalt-based compounds are some 
of the more popular sealants. Alternatively, 
asphalt or cork gasket tape can be used 
for sealing. Basic latex, acrylic, or silicon 
caulks are generally unacceptable, due to 
their tendency to degrade and lose adhesion 
to roofing materials. 
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Figure 10-29. Pole foundations may be encased in concrete or compacted soil, depending on local 


building requirements and the type of soil. 
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Many mounting systems use simple angle 
brackets, plates, or other footings that attach 
the array to a rooftop or other building surface. 
For example, a bracket may be placed on top of 
a shingle and secured through the roof cladding 
to the structural members. Weather-sealing 
material is applied between the bracket and 
the roof surface, around the fastener, and in 
the pilot hole. See Figure 10-30. While this 
is a quick, simple, and low-cost approach, this 
method is not the best roofing practice and may 
require occasional inspection and resealing to 
maintain reliable, long-term protection. 


* Weather Sealing with Caulking 


Sharp Electronics Corp. 


Figure 10-30. To weather-seal roof penetrations, 
caulking material is applied liberally around the 
entire attachment area to form a continuous 
seal. 


Direct contact between aluminum and concrete causes alumi- 
num to chemically erode because of the alkaline properties of 
concrete. Certain weather-sealing techniques, such as the use 


of rubber gaskets, can be used to isolate the two materials to 
prevent this type of corrosion. 


A better approach uses flashings and rubber 
boots to seal around roof penetrations. The 
flashings are installed underneath or in place 
of shingles, or on top of other roofing systems, 
and a rubber boot is installed around the foot- 
ing to provide a weathertight seal. While this 
method can be used to retrofit existing roofs, 
it is easiest during initial or reroofing work. 
See Figure 10-31. 


b Aa CURE P DR | 
Sharp Electronics Corp. 
Figure 10-31. Flashings and rubber boots provide 


the highest-quality weather seal for attachment 
penetrations. 


Electrical conduits routed through exterior 
building surfaces are also potential sources of 
water intrusion. Conductors from an array gen- 
erally enter the building through the roof, eaves, 
or walls via conduits or junction boxes. These 
penetrations require weather sealing, usually 
with caulking, gaskets, or flashings, though in 
some cases an inverted entrance conduit may be 
used to route conductors into the building while 
preventing water intrusion. 

Careful attention should be paid to brackets 
or other roof-mounted equipment that may 
dam water and debris above or behind it, which 
may degrade weather sealing and cause leaks. 
Small, angled flashings installed above the 
equipment can deflect water and debris away 
from a weather-sealed penetration. 


Structural Analysis 


After evaluating the design loads, the strength 
of the modules, the mounting system, the 
structure to which the array is mounted, and the 
attachment points should be considered. Each 
part must be able to withstand either the largest 
load (typically the wind load), or a combina- 
tion of loads (such as the sum of the dead, live, 
and snow loads). The local building code will 
determine how loads must be evaluated. 


Module manufacturers will often specify 
allowable loads and acceptable deflections 
under various support positions. Mounting 
system manufacturers will often recommend 
different configurations, attachment methods, 
or attachment-point spacing depending on the 
structural loading. 

Evaluating attachment points requires a 
comparison of the total force at each point to 
the withdrawal strength of the fastener. Lag 
screw attachments are relatively simple to 
evaluate for withdrawal strength against lifting 
forces from wind loads. For example, consider 
a lifting wind load of 45 psf acting on a 200 ft? 
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brackets. Each bracket is fastened through 
the 1”-thick roof surface into a southern yel- 
low pine truss with a single ?4e"-diameter lag 
screw. The total force from the wind load on 
the entire array is 9000 Ib (200 ft? x 45 psf = 
9000 Ib). Therefore, each attachment point 
must resist 375 Ib of force (9000 Ib + 24 attach- 
ment points = 375 Ib per attachment point). 
Since 54e" lag screws have withdrawal re- 
sistance of 332 Ib/in. in southern yellow pine, 
the thread penetration depth must be at least 
1.13” (375 lb + 332 Ib/in. = 1.13”). Since the 
roofing thickness is about 1^, the lag screw 
must be at least 2.13” long, 21⁄4” being the 


array that attaches to the roof with 24 support nearest common size. 


e Existing structures should be evaluated for structural soundness before installing an array. 


e Good access to the array mounting location makes installation safer, easier, faster, and less expensive. 


* Only passive cooling means are practical for flat-plate modules, such as mounting in a way to allow air 
circulation around the modules. 


e Arrays mounted directly on building surfaces can increase heat transfer into conditioned spaces. 


e Arrays mounted above building surfaces have little effect on building heat gain and may even help reduce 
interior building temperatures. 


e Architectural principles that can improve appearance and public perception can be applied to PV system 
design and installation without significantly affecting cost or performance. 


e Array support structures, hardware, electrical wiring, conduit, and junction boxes should be as inconspicuous 
as possible and neatly gathered or concealed beneath the array. 


e Reducing installation time through careful preparation can significantly reduce costs. 
e The simplest and most common type of array mount is the fixed-tilt type. 
e Rack mounts are simple to install and flexible in the types and sizes of modules they can accommodate. 


e Standoff-mounted arrays are by far the most common, preferred, and least-expensive method for installing 
arrays as a retrofit to existing rooftops, as well as for new construction. 


e BIPV arrays can be integrated into roofing, windows, skylights, curtain wall sections, or complementary 
architectural features such as awnings, facades, or entranceways. 


e Ground-mounted arrays are generally more flexible in location and placement, operate at lower temperatures 
than most building mounts, and are more accessible. 


e Sun-tracking arrays can follow the sun, enhancing the amount of energy collected, but are also complex and 
require more expense and installation time. 
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Wood construction is generally avoided in PV system installations. 


Aluminum, stainless steel, and galvanized steel parts and fasteners are commonly used in array designs 
because they are corrosion resistant, lightweight, and relatively inexpensive. 


Arrays, modules, mounting systems, fasteners, and buildings must withstand the maximum forces expected 
from structural loads. 


The principal types of structural loads are dead loads, live loads, wind loads, snow loads, and vibration loads. 
Most attachment methods use conventional threaded fasteners and screws. 

Blocking and spanning techniques can be used to support bolted attachment points. 

Self-ballasted systems do not require direct structural connections to a building or foundation. 

Poles are usually embedded in concrete or compacted soil or are twisted into the ground like giant screws. 
Weather sealing of structural attachments and roof penetrations is a major concern for building-mounted arrays. 


The number of roof penetrations should be minimized. 


Definitions | 


The installed nominal operating cell temperature (INOCT) is the estimated temperature of a module operat- 
ing in a specific mounting system design. 


A fixed-tilt mounting system is an array mounting system that permanently secures modules in a nonmov- 
able position at a specific tilt angle. 


An adjustable mounting system is a variation of a fixed-tilt array mounting system that permits manual 
adjustment of the tilt and/or azimuth angles to increase the array output. 


A direct mount is a type of fixed-tilt array mounting system where modules are affixed directly to an existing 
finished rooftop or other building surface, with little or no space between a module and the surface. 


A rack mount is a type of fixed- or adjustable-tilt array mounting system with a triangular-shaped structure 
to increase the tilt angle of the array. 


A standoff mount is a type of fixed-tilt array mounting system where modules are supported by a structure 
parallel to and slightly above the roof surface. 


A building-integrated photovoltaic (BIPV) array is a fixed array that replaces conventional building materials 
with specially designed modules that perform an architectural function in addition to producing power. 


A pole mount is a type of array mounting system where modules are installed at an elevation on a pedestal. 


A sun-tracking mount is an array mounting system that automatically orients the array to the position of 
the sun. 


An active tracking mount is an array mounting system that uses electric motors and gear drives to automati- 
cally direct the array toward the sun. 


A passive tracking mount is an array mounting system that uses nonelectrical means to automatically direct 
an array toward the sun. 


Chapter 10 — Mechanical Integration 283 


* Galvanic corrosion is an electrochemical process that causes electrical current to flow between two dissimilar 
metals, which eventually corrodes one of the materials (the anode). 


A sacrificial anode is a metal part, usually zinc or magnesium, that is more susceptible to galvanic cor- 
rosion than the metal structure it is attached to, so that it corrodes, rather than the structure. 


* A design load is a calculated structural load used to evaluate the strength of a structure to failure. 


e <A dead load is a static structural load due to the weight of permanent building members, supported structure, 
and attachments. 


* Alive load is a dynamic structural load due to the weight of temporary items and people using or occupying 
the structure. 


e A wind load is a dynamic structural load due to wind, resulting in downward, lateral, or lifting forces. 


* The basic wind speed is the maximum value of a 3 sec gust at 33' (10 m) elevation, which is used in wind 
load calculations. 


e Exposure is a wind load factor that accounts for the array height and the characteristics of the surrounding 
terrain. 


* Asnow load is a static structural load due to the weight of accumulated snow. 
* A vibration load is a dynamic structural load due to periodic motion. 
e Resonance is the condition when a vibration frequency matches the fundamental frequency of the structure. 


e The allowable withdrawal load is the force required to remove a screw from a material by tensile (pulling) 
force only. 


e Blocking is the addition of lumber under a roof surface and between trusses or rafters as supplemental struc- 
tural support. 


e Spanning is the addition of lumber under a roof surface and across trusses or rafters as supplemental struc- 
tural support. 


e A J-bolt is a fastener that hooks around a secure support structure and has a threaded end that is used with 
a nut to secure items. 


e Self-ballasting is an attachment method that relies on the weight of the array, support structure, and ballast- 
ing material to hold the array in position. 


_ Review Questions 


1. How can mechanical integration strategies help keep arrays cool? 
2. How can direct-mounted and standoff-mounted arrays affect the temperatures inside a building? 


3. What are some of the aesthetic considerations of mechanical integration? 
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11. 
12. 


. How does the distance between modules and a building surface affect the module's installed nominal op- 


erating cell temperature (INOCT) and temperature-rise coefficient? 


. Explain how building-integrated PV (BIPV) arrays offset some building-material costs. 
. How do sun-tracking systems improve the power output of a PV system? 
. What factors influence the added value of a sun-tracking mounting system? 


. Why do the aluminum materials common in module frames present a corrosion problem when installed on 


steel structures? 


. Explain the difference between static and dynamic structural loads and classify the principal types of struc- 


tural loads as static or dynamic. 


. Explain the three primary factors that influence wind loads for most PV applications. 


How can lag-screw attachment points be supported when they do not match rafter locations? 


Describe the advantages and disadvantages of self-ballasted systems. 


Pr a i — H————— 
Chapter Objectives 


e Identify the electrical codes, regulations, and practices applicable to PV systems. 
e Calculate the voltage and current limits for various circuits of a PV system. 
e Determine appropriate conductor ampacities and overcurrent protection ratings for various circuits. 


e Identify the appropriate types of conductors for PV system circuits based on application and 
environment. 


Describe the required types of disconnects and their locations. 
Identify acceptable PV system grounding methods. 
Describe the functions and requirements of electrical balance-of-system (BOS) components. 
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NATIONAL ELECTRICAL CODE® 


Electrical integration is arguably the most im- 
portant, and misunderstood, part of installing 
a PV system. Since there are many different 
ways to configure a PV system, the electrical 
integration requirements can be very different 
between systems. These requirements involve 
calculating circuit parameters, such as volt- 
age and current, and using this information to 
size, specify, and locate various components. 
The majority of the regulations governing 
electrical installations, including PV systems, 
are found in NFPA 70: National Electrical 
Code® (NEC®). 

The National Electrical Code® is a nation- 
ally recognized standard on safe electrical 
installation practice and is used as the gov- 
erning electrical code in most jurisdictions in 
the United States. The primary intent of the 
NEC? is to safeguard persons and property 
from electrical hazards. It is not intended as 
an instruction manual for untrained or unquali- 
fied persons. 


Most PV electrical installations must be completed by a li- 
censed electrician or contractor and inspected by the authority 
having jurisdiction (AHJ) for code compliance. Code compli- 
ance can be ensured through the plans review, permitting, 
inspection, and approval process of electrical installations. 


Electrical integration includes the installation of all wiring, overcurrent protection, 
disconnects, grounding, and other electrical equipment in a PV system. 


Nearly all types of electrical installa- 
tions are covered by the NEC®, including 
PV systems installed on public and private 
premises, commercial and residential build- 
ings, as well as mobile homes and RVs. It 
also applies to the installation of conductors 
and equipment that connect to an electricity 
supply, such as a PV system or any other 
distributed power system. 

Unfortunately, the evolving nature of PV 
systems is such that it sometimes fosters 
improperly installed systems. Because PV 
systems are still relatively uncommon, pro- 
spective PV system operators may not fully 
understand all that is involved with installing 
a PV system, believing that it is a simple do- 
it- yourself project or that there is no danger 
in working with DC power. It may also be 
difficult to source DC-rated components 
that are adequately tested and listed, lead- 
ing some installers to use inappropriate or 
unsafe equipment. 

Improper electrical integration can have 
significant consequences, including poor per- 
formance, component damage, and electrical 
shock hazards. PV installers must understand 
all applicable electrical codes, regulations, 
and recommendations, use only listed and 
appropriate equipment, follow safe working 
and installation practices, and educate their 
customers and others about the importance of 
code-compliant electrical integration. 


Article 690 


Article 690, *Solar Photovoltaic Systems," 
appeared for the first time in the 1984 NEC®. 
Since then, major revisions and additions have 
been made to this article based on industry 
input and developments. Article 690 addresses 
requirements for all PV installations covered 
under the scope of the NEC®. Article 690 
is divided into nine parts: General, Circuit 
Requirements, Disconnecting Means, Wiring 
Methods, Grounding, Marking, Connection to 
Other Sources, Storage Batteries, and Systems 
Over 600 Volts. Each covers a certain aspect 
of PV systems. 


Many other articles of the NEC? are ref- 
erenced in Article 690 or otherwise apply to 


PV installations. Applicable articles depend 
on the type and configuration of the system. 
See Figure 11-1. Whenever the requirements 
of Article 690 and other articles differ, the 
requirements of Article 690 apply. 


« Selected Applicable NEC? Articles 


110* Requirements for Electrical 
Installations 

200 Use and Identification of Grounded 
Conductors 

210* Branch Circuits 

220 Branch-Circuit, Feeder, and Service 
Calculations 

230* Services 

240* Overcurrent Protection 

250* Grounding and Bonding 

280 Surge Arrestors, Over 1 kV 

285 Surge-Protective Devices (SPDs), 
1 kV or Less 

300 Wiring Methods 

310* Conductors for General Wiring 

334 Nonmetallic-Sheathed Cable: Types 
NM, NMC, and NMS 

338 Service-Entrance Cable: Types SE and 
USE 

400* Flexible Cords and Cables 

422 Appliances 

445 Generators 

450* Transformers and Transformer Vaults 

480* Storage Batteries 

490* Equipment, Over 600 Volts, Nominal 

690 Solar Photovoltaic Systems 

702 Optional Standby Systems 

705* interconnected Electric Power 
Production Sources 

720 Circuits and Equipment Operating at 


Less Than 50 Volts 
* Articles directly referenced in Article 690 


Figure 11-1. Many articles in the NEC? are appli- 
cable to the electrical integration of a PV system, 
particularly Article 690. 


The beginning of Article 690 defines spe- 
cific terminology for PV system components 
and circuits. Most are easily distinguishable, 
though a few may require special attention when 
referencing the code. For example, the NEC® 
differentiates between a PV power source and 
a PV source circuit. See Figure 11-2. 
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A PV power source is an array or collection 
of arrays that generates DC power. A PV source 
circuit is the circuit connecting a group of 
modules together and to the common connec- 
tion point of the DC system. PV source circuits 
are usually (but not always) a string of series- 
connected modules. For small systems, the PV 
power source may be only one source circuit. For 
larger systems, the PV power source is usually 
composed of several paralleled PV source cir- 
cuits. A PV output circuit is the circuit connecting 
the PV power source to the rest of the system. 
Distinctions such as these are very important for 
understanding code requirements. 

Other circuits defined in Article 690 are 
named logically as an input or output of a sys- 
tem component. However, this can cause con- 
fusion with some configurations. For example, 
in an interactive system, the PV output circuit 
and the inverter input circuit are essentially the 
same circuit. Since a disconnect is required in 
this circuit, some may adopt the convention of 
naming the array side of the disconnect as the 
PV output circuit and the inverter side as the 
inverter input circuit. 


VOLTAGE AND CURRENT 
REQUIREMENTS 


Article 690, Part II, addresses circuit require- 
ments for PV systems, such as maximum system 
voltages and currents. These values must be 
determined because they affect the sizing and 
ratings for conductors, overcurrent protection de- 
vices, disconnects, and grounding equipment. 


Maximum PV Circuit Voltage 


According to Section 690.7, the maximum DC 
voltage of a PV source circuit or output circuit 
must be less than the maximum voltage limits of 
all components on the DC side of the system, in- 
cluding the modules, inverter, charge controller, 
disconnects, and conductors. Also, for one- and 
two-family homes, the maximum output-circuit 
voltage cannot be greater than 600 V. Systems 
over 600 V are allowed for commercial or 
utility-scale PV systems, but must follow dif- 
ferent code regulations, particularly those in Ar- 
ticle 490, “Equipment, Over 600 V, Nominal.” 
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NOTE: MANY SYSTEMS WILL BE 


OTHER POWER SOURCES 


CONFIGURED DIFFERENTLY, OFTEN WITH (WIND TURBINE, 


FEWER AND/OR COMBINED COMPONENTS 


GENERATOR, ETC.) 


Since temperature affects the voltage output 
of PV devices, the maximum possible volt- 
age is the array's open-circuit voltage at the 
lowest expected temperature for the location. 
Low temperatures for certain locations are 
included in the solar radiation data sets and 
other sources. The voltage is then calculated 
using the module manufacturer's temperature 
coefficient for voltage. 

If temperature coefficients are not pro- 
vided by the manufacturer, the NEC? 
provides a temperature correction factor cal- 
culation for estimating the maximum voltage. 


BATTERY 
BANK 


Figure 11-2. The NEC? defines the various circuits and components in PV systems and specifies their requirements. 


See Figure 11-3. The maximum PV source- 
circuit or output-circuit voltage is estimated 
with the following formula: 
V "V xn xC 
max oc m ye 


where 


V „ax = maximum PV circuit voltage (in V) 


n 


V, = module rated open-circuit voltage at 
25?C (in V) 


n — number of series-connected modules 


C, - low-temperature voltage correction 
factor 


. Voltage Correction Factors for 
~ Low Temperatures 


AMBIENT VOLTAGE CORRECTION 
TEMPERATURE* FACTOR : 


24 to 10 1.02 
19 to 15 1.04 
14 to 10 1.06 
9105 1.08 
4100 1.10 
—1 to —5 1.12 
—6 to -10 1.14 
—11 to —15 1.16 
—16 to —20 1.18 
—21 to —25 1.20 
—26 to -30 1.21 
—31 to -35 1.23 
—36 to —40 1.25 


*in?C 

NEC? Table 690.7. Reprinted with permission from NFPA 70-2008, 
the National Electrical Code? Copyright? 2007, National Fire 
Protection Association, Quincy, MA 02169. This reprinted material 
is not the official position of the NFPA on the referenced subject 
which is represented solely by the standard in its entirety. 


Figure 11-3. Array open-circuit voltage is cor- 
rected for low temperatures to yield the maximum 
possible PV circuit voltage. 


For example, consider an array of 22 series- 
connected modules, each with an open-circuit 
voltage of 21.7 V. The lowest expected temper- 
ature of the array is —25°C, which corresponds 
to a low-temperature correction factor of 1.20. 
What is the maximum PV circuit voltage? 


V =V xn, xC, 


V „ = 21.7 x 22 x 1.20 
V. = 573 V 


Since the maximum possible voltage is less 
than 600 V, this output-circuit voltage is ac- 
ceptable, provided that it does not exceed the 
rating of any connected component. 


Maximum PV Circuit Currents 


The NEC®, Section 690.8, distinguishes 
between the maximum DC currents of the 
PV source circuits and the PV output circuit. 
Each has specific requirements that affect the 
sizing of conductors and components in the 
circuit separately. 

For PV source circuits, the maximum cur- 
rent is 125% of the sum of the short-circuit 
current ratings of parallel-connected modules. 
This 125% factor accounts for the fact that PV 
devices can deliver currents higher than their 
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rated short-circuit current under enhanced 
irradiance. Since a source circuit usually 
consists of a single series string of modules, 
the maximum current is simply 125% of the 
module’s short-circuit current. 


For example, a source circuit consisting of 
one string of series-connected modules, each 
with a short-circuit current of 4.8 A, has a max- 
imum current of 6 A, regardless of the number 
of modules in the series string. However, if 
a source circuit includes multiple strings in 
parallel, the maximum current is 125% of the 
module short-circuit current multiplied by the 
number of parallel strings. 

For PV output circuits, the maximum cur- 
rent is the sum of the maximum currents of 
the parallel-connected source circuits. For 
example, a PV output circuit combining 
three parallel strings of modules, each with a 
maximum source circuit current of 6 A, has a 
maximum PV output circuit current of 18 A 
(3x6A218 A). 

These maximum current numbers are in- 
volved in further calculations when determin- 
ing the appropriate conductor size and required 
overcurrent protection ratings. This applies to 
PV source circuits and the PV output circuit. 


System voltage and current calculations, along with the application and 
environment, affect the wiring methods and conductors chosen for PV 
systems. 
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Maximum Inverter Input Current 


For an interactive inverter with the PV output 
circuit connected directly to the inverter, the 
inverter input circuit is the same as the PV 
output circuit and, therefore, has the same 
maximum current. 

For stand-alone systems with batteries, the 
inverter input current depends on battery voltage. 
As battery voltage decreases, the inverter input 
current increases to provide the same power 
input. At low battery voltages and peak power 
output, this current can be considerably higher 
than the inverter input current rating at nominal 
battery voltages. Thus, the highest possible input 
current is associated with the lowest inverter op- 
erating voltage. Maximum inverter input current 
is calculated with the following formula: 


P 


AC 
max 
Ve x Nin 


where 


La = Maximum inverter input current 
(in A) 

P c = rated inverter maximum AC power 
output (in W) 

V ig = minimum inverter operating 
voltage (in V) 


N; = inverter efficiency 


For example, consider a 5500 W stand- 
alone inverter that is 8596 efficient and can 
operate at input voltages down to 44 V. What 
is the maximum inverter input current? 


= ic 
Um 
_ .5500 
max “44 x 0.85 
_ 5500 
re a 
I... =147A 


Maximum Inverter Output Current 


Since inverters are limited-power devices, 
their AC output circuits are sized based on 
the maximum inverter output rather than load 
calculations. The maximum current for the 


inverter output circuit is equal to the invert- 
er’s continuous output current rating. This 
information is provided on inverter labeling 
and specifications. For example, a 2500 W 
inverter outputting 240 VAC will have a listed 
continuous output rating of approximately 
10.4 A (2500 W = 240 VAC = 10.4 A). 


CONDUCTORS AND WIRING 
METHODS 


Any conductors and wiring methods allowed 
by NEC® Chapter 2, “Wiring and Protection,” 
and Chapter 3, “Wiring Methods and Materi- 
als,” may be used with PV systems, in addition 
to any wiring equipment specifically identified 
for use with PV systems. Part IV of Article 690 
further covers the applications and conditions 
for conductors used in PV systems, and special 
equipment and practices allowed. 

Generally, only copper conductors of various 
types and sizes are used in PV systems. They 
may be exposed to a variety of conditions, 
including extreme temperatures, mechanical 
stress, UV exposure, and moisture. These fac- 
tors determine the type of conductor permitted 
by the NEC® for the application, while the 
maximum circuit current dictates the appropri- 
ate conductor size. For any application, the 
conditions of use must be well understood to 
ensure that proper types and sizes of conductors 
are specified and installed. 


Conductor Size 


Conductor sizes used in most electrical systems 
are expressed in American Wire Gauge (AWG) 
numbers. See Figure 11-4. Larger diameter 
conductors have smaller AWG numbers. Larger 
conductors have greater current-carrying capac- 
ity and less resistance. However, solid (single 
wire) conductors can be stiff and difficult to 
work with. Therefore, conductors are also 
available stranded (made up of multiple smaller 
wires), which makes them more flexible. Solid 
and stranded conductors of the same AWG size 
have the same cross-sectional area, though 
stranding makes the diameter slighter larger. At 
size 6 AWG and larger, conductors are gener- 
ally only available in stranded versions. 


* Conductor Sizes* 


Diameter! Areat Resistance" j 
18 0.040 1620 7.77 i 
16 | 0.051 2.580 4.89 
14 — | 0004 4.110 — 307 
12 . 0.081 6.530 1.93 
130 | 0,102 10.38 1.21 
8 | 0128 16.51 0.764 
3 m i UU 
pow E m E 
"odi E e T 
-— D m bii = 
e E a E 
EDO - . = = 
m eem UND 
000(3/0) | — = — 
0000 (4/0) | —  - = = 
* conductor deg not accounting for insulation 
tin in. 
* in kcmil 


** in O/kft at 75°C (167°F) 
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STRANDED CONDUCTOR 


Strands Diametert Area* Resistance** 
7 0.046 1.620 7.95 
7 0.058 2.580 4.99 
7 0.073. 4110 — 3414 
zu 0.092 6530 1.98 
7 0.116 10.38 1.24 
7 0.146 16.51 0.778 
E 0.184 26.24 0.491 
7? 0.232 41.74 0.308 
Eo 0.00 ^ 5262 0.245 
7 0.292 66.36 0.194 
19 0.332 83.69 0.154 
19 0.372 105.6 0.122 
19 0.418 1331 — 0.0967 
19 0.470 167.8 0.0766 
19 0.528 211.6 0.0608 


Excerpted from NEC® Chapter 9, Table 8. Reprinted with permission from NFPA 70-2008, the National Electrical Code? Copyright® 2007, National 
Fire Protection Association, Quincy, MA 02169. This reprinted material is not the official position of the NFPA on the referenced subject which is 


represented solely by the standard in its entirety. 


Figure 11-4. Conductor sizes typically used in PV systems range from 18 AWG to 4/0 AWG. Conduc- 
tors may be solid or stranded. Larger conductors have lower resistance for a given length. 


Conductor size is chosen to be the smallest 
size that safely conducts the maximum con- 
tinuous current of a circuit with the appropriate 
margin of safety. For PV source circuits, con- 
ductors must be sized to handle at least 125% 
of the maximum current. Note: This 125% is 
in addition to the 125% used to estimate the 
maximum current under high irradiance. For 
example, if a string of series-connected modules 
has a short-circuit current of 4.8 A, the maxi- 
mum current is 6 A (4.8 A x 125% 2 6 A) and 
the minimum ampacity for conductor sizing is 
7.5 A (6 A x 125% = 7.5 A). 


Conductor Ampacity. Conductor sizing is 
based on a conductor's ampacity. Ampacity 
is the current that a conductor can carry 
continuously under the conditions of use 
without exceeding its temperature rating. 
Nominal conductor ampacity at 30?C is 
determined by the conductor material (cop- 
per or aluminum), size, insulation type, and 
application (direct burial, conduit, or free air). 
See Figure 11-5. 


Since temperature affects a conductor's 
ampacity, this nominal ampacity is derated 
(reduced) for ambient application temperatures 
higher than the nominal 30?C. The derating 
of conductor ampacities is covered in NEC? 
Section 310.15. 


Large conductors are nearly always stranded while small conductors may be 


solid or stranded. 
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*- Nominal Am 


acities of Insulated Copper Conductors* 


TBS, SA, SIS, FEP. FEPB, 
TYPE OF RHW, THHW, THW, Mi, RHH; RHW-2, THHN, 
INSULATION THWN, XHHW, USE, ZW — THHW, THW-2, THWN-2, 
USE-2, XHH, XHHW-2, ZW-2 
Boo - = 14 
ua 106 = e. io 
3 3 i ae. 20 E 
XE E sl, 2) E. DER Ao ry Lo NNN 
zo MEM 10 280 BB eee A0 
gs 8 40 T 50 (55 
Hi 0  . 55 - 65 E 
z% 4 70 85 95 
2 oe SC dS 0 100 110 
e a 4a E c a 95 fe 130 
asa 1 110 10, ee ee 150 NN 
$5 ow 125 150. ES 
ed — 00 (2/0) 145 175 195 
000 (3/0) 165 200 225 
0000 (4/0) 195 ÈE n S cco E 
18 m E 18 
16 EE "—-—— e 24 
eo Bo 30 <a 
a 12 30 i esci NT 
< 10 4000 50 o 55 
E Lo CM NN 70 um S 
Z 6 80 95 © 105 
la 4 105 125 140 
o NM 3 120 M45 ee AOS 
2 NE 2 140 dedu om 190 
g lege 8 te Ff 195 | 220 
0 (1/0) 19 230 260 o 
o (2/0 22500 265 300 
000 (3/0) — 260 SN MEUM s 
| 0000 (4⁄0) ^ 300 360 — | 405 


* Based on ambient temperature of 30°C (86°F) and not more than three current-carrying conductors when in a raceway, cable, or earth (directly buried). 
Excerpted from NEC® Table 310.16 and Table 310.17. Reprinted with permission from NFPA 70-2008, the National Electrical Code® Copyright® 
2007, National Fire Protection Association, Quincy, MA 02169. This reprinted material is not the official position of the NFPA on the referenced 
subject which is represented solely by the standard in its entirety. 


Figure 11-5. Ampacity is the current-carrying capacity of a conductor, which depends on the con- 


ductor's type, size, and application. 


Ambient-temperature-based ampacity cor- 
rection factors are given in a table. See Fig- 
ure 11-6. The correction factor is multiplied 
by the nominal ampacity to calculate the 
derated ampacity. Therefore, for a certain 
current-carrying capacity rating, the size of 
the required conductor must be increased to 
account for deratings. 


Since conduits exposed to direct sunlight 
on or above rooftops experience higher 
temperatures, an extra value is added to the 
ambient temperature before determining the 
temperature-based correction factor. See Fig- 
ure 11-7. This adder increases the effective 
ambient temperature by an amount dictated by 
the distance of the conduit from the rooftop. 


Chapter 11 — Electrical Integration 293 


For example, 10 AWG USE-2 conductors 
in a conduit have a 90°C rating and nominal 
ampacity of 40 A. However, this nominal 
ampacity is for 30°C. Since the conductors will 
experience higher temperatures, their ampacity 
must be derated. The highest expected ambient 
temperature for the location is 43°C. Since the 
conduit will be installed about 1” above the roof 
surface, an additional 22°C is added to the am- 
bient temperature. The correction factor for an 
adjusted ambient temperature of 65°C (43°C + 
22°C =65°C) is 0.58. Therefore, their ampacity 
is reduced to 23.2 A (40 A x 0.58 = 23.2 A) for 
operating under those temperatures. 

When more than three current-carrying 
conductors are installed together in a conduit or 
raceway longer than 24”, conductor ampacities 
must be further derated. This situation can 
occur in PV systems with arrays having mul- 
tiple source circuits. Because bundling several 
current-carrying conductors together affects 
their ability to dissipate heat, an additional 
correction factor is applied to the temperature- 
corrected ampacity. See Figure 11-8. For ex- 
ample, if USE-2 conductors are used for three 
source circuits run through a conduit, each with 
positive and negative conductors, the total is 
six current-carrying conductors. The correc- 
tion factor is 0.80 and the ampacity of each 
conductor is further reduced to 18.6 A (23.2A 
x 0.80 = 18.6 A). 

More often, however, these calculations are 
done together and in reverse. In such a case, a 
minimum conductor size must be determined 
from a maximum circuit current, taking into 
account both types of ampacity deratings. The 
resulting nominal ampacity is calculated with 
the following formula: 


I 


max 


s e OIR 
where 
I om = conductor nominal ampacity (in A) 
I ,^"maximum circuit current (in A) 
Cm correction factor for temperature 


CF 


conduit 


= correction factor for number of 
current-carrying conductors in 
a conduit or cable 


gh Temperatures 


AMBIENT CONDUCTOR TEMPERATURE RATING 
TEMPERATURE” 60°C Rated 75°C Rated 90°C Rated 
211025 1.08 1.05 1.04 
— 26 to 30 1.00 1.00 1.00 
31 to 35 0.91 0.94 0.96 
360040 — 0.82 0.88 0.91 
411045 . 071 0.82. 0.87 
46 to 50 058 0.75 0.82 
511055  . 0.41 0.67 0.76 
56 to 60 -i |. 058 0.71 
61 to 70 n 0.33 0.58 
711080 — orem = 0.41 
sine 


Excerpted from NEC® Table 310.16. Reprinted with permission from NFPA 70-2008, the National 
Electrical Code? Copyright® 2007, National Fire Protection Association, Quincy, MA 02169. This 
reprinted material is not the official position of the NFPA on the referenced subject which is 
represented solely by the standard in its entirety. 


Figure 11-6. Conductor ampacity must be derated for high tempera- 
tures. 


_. Ambient Temperature Adjustments for Conduits Exposed 
* to Sunlight On or Above Rooftops 


DISTANCE FROM ROOF TO BOTTOM OF CONDUIT" TEMPERATURE ADDER? 


0 to % 33 

v2 to S po 

3% to 12 17 

12 to 36 14 
* in in. 
tin*C 


NEC? Table 310.15(B)(2)(c). Reprinted with permission from NFPA 70-2008, the National Electrical 
Code? Copyright? 2007, National Fire Protection Association, Quincy, MA 02169. This reprinted material 
is not the official position of the NFPA on the referenced subject which is represented solely by the 
standard in its entirety. 

Figure 11-7. For conduits installed on rooftops, an extra temperature 
adder is needed to account for the extreme ambient temperatures of 
the environment. The adjusted ambient temperature is then used to 
determine the temperature-based ampacity correction factor. 


| Correction Factors for Number of Conductors 
NUMBER OF CURRENT-CARRYING CONDUCTORS CORRECTION FACTOR | 


4106 0.80 
7to9 0.70 
10 to 20 0.50 
21 to 30 0.45 
31 to 40 0.40 
Over 40 0.35 


NEC? Table 310.15(B)(2)(a). Reprinted with permission from NFPA 70-2008, the National Electrical 
Code® Copyright® 2007, National Fire Protection Association, Quincy, MA 02169. This reprinted material 
is not the official position of the NFPA on the referenced subject which is represented solely by the 
standard in its entirety. 


Figure 11-8. Conductor ampacity must be derated for more than three 
current-carrying conductors together in a conduit or cable. 
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For example, four source-circuit conduc- 
tors must each carry 15 A of current at 40°C 
ambient. The conductors are installed together 
in a conduit that is secured 4" above a rooftop, 
which adds another 17?C to the ambient tem- 
perature. If an XHHW-2 conductor is used, 
the temperature correction factor for 57°C 
is 0.71. Since there are four current-carrying 
conductors, the multiple-conductor correction 
factor is 0.80. What is the minimum nominal 
ampacity, and therefore minimum size, for an 
XHHW-2 conductor in this situation? 


I 


"a PCa 

ee 

nom 071x0.80 
NE 

"" 0.568 

I, 2 264A 


Therefore, the nominal conductor ampacity 
must be at least 26.4 A in order to have suf- 
ficient ampacity after derating for the instal- 
lation conditions. From the table of nominal 
ampacities, this means that the 12 AWG con- 
ductor is of the appropriate minimum size. 

These circumstances illustrate the sig- 
nificant effect temperature has on conduc- 
tor ampacity. Over 40% of this conductor's 
nominal ampacity cannot be utilized in this 
application. 


Voltage Drop. Voltage drop can be an issue 
in any electrical system, but it is particularly 
important to address in PV systems. The PV 
output circuit may have a relatively low voltage 
and the conductor runs can be long, increasing 
voltage drop. Excessive voltage drop can also 
affect charge controllers, batteries, inverters, 
loads, and other devices that require certain 
voltages to operate properly. Because voltage 
drop is not considered a safety concern, the 
NEC? does not establish specific requirements. 
However, it does recommend a maximum volt- 
age drop of 396. 

Voltage drop and the associated percentage 


of voltage drop of conductors are calculated 
with the following formulas: 


drop op G 
V E VI 
drop% V 
op 
where 


SR voltage drop (in V) 


dro, 
I „ = operating current (in A) 


R, = conductor resistance (in 2/kft) 
L = total conductor length (in kft) 
V, = voltage drop 


drop% 

v= operating voltage (in V) 

Conductor resistance is determined by 
the conductor material, size, and ambient 
temperature. Also, the total conductor length 
is the total (round-trip) distance that current 
travels in a circuit. Therefore, the total length 
used in calculations is twice the length of the 
conductor run. 

For example, consider the voltage drop 
in an 80 V output circuit from the array to 
a disconnect, a distance of 100’. The circuit 
operating current is 15 A and uses 10 AWG 
stranded copper conductors. The DC resis- 
tance of this conductor is 1.24 O/kft and 
the total length is 200’ (0.2 kft). What is the 
voltage drop in this circuit? 

Wo oem [s X Rox L 


drop 


V =15x1.24x0.2 


drop 
Vy 
V = zs 
op 
NN 
drop% — 80 


Viron = 0.046 or 4.6% 


This voltage drop is higher than the recom- 
mended maximum, but there are a number of 
potential options to reduce the voltage drop 
in the circuit. 

First, shortening the conductor length will 
reduce the voltage drop, but this may not be 
feasible. The distance between the array and 
the rest of the system is usually not change- 
able, since the array location is chosen based 
on factors that are more significant. 


More commonly, circuit resistance is 
reduced by increasing the conductor size, 
as larger conductors have lower resistance 
than smaller conductors. (This will likely be 
beyond the minimum size determined from 
ampacity calculations.) If the example array 
used larger 8 AWG conductors instead, the 
voltage drop would be an acceptable 2.9%. 
Also, since conductor connections can affect 
circuit resistance, and therefore voltage drop, 
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maximum operating temperature, its applica- 
tion and environmental resistance (such as to 
sunlight, oil, or moisture), and its permissible 
installation locations (such as direct burial, 
in conduit, or exposed). This information is 
marked on the outer insulation or jacket of 
the conductor, sometimes in abbreviations or 
codes, along with other information, such as 
maximum voltage, manufacturer, and size. See 
Figure 11-9. 


circuits should be designed with as few splices 


and connections as possible. 

As current flows through a conductor, the resistance of the 

material, though very small, causes power loss in the form 
Conductor Insulation of heat. The amount of heat is proportional to the square of 
Insulation protects a bare conductor from 
coming into contact with personnel or 
equipment. The insulating material defines 


three critical properties for a conductor: its 


the current, as in the formula P = FR. An ampacity rating is 
determined by how much heat the conductor can withstand 
without damage, which depends on the insulation material 
and how well the heat can be dissipated. 


[ccu Conductor Insulation Codes 
ooo dum d ma jd iN FE es RN GN Gn 


Conductor insulation is typically identified and marked with letter codes. Some codes are 
only abbreviations of conductor names, such as "SE" for service-entrance conductors. 
Others give information about the actual material type and ratings of the insulation. Each 
letter or pair of letters describes something about the conductor type or ratings. Common 
insulation codes include the following: 


Special Conditions: 
O = oil resistant jacket 
OO - oil resistant jacket and conductors 
U = underground (direct burial) applications 
W = moisture resistant (usually for 60°C) 
W-A = outdoor applications 
-2 = high temperature (90°C) and moisture resistance 


Insulation Materials: 
E = elastomer 
R = thermoset 
S = silicone 
T = thermoplastic 
X = cross-linked synthetic polymer 


Outer Covering: 
N = nylon jacket 


Heat Hatings: 
H = 75°C 
HH = 90°C 


For example, a conductor marked "THWN" has a thermoplastic insulation material covered 
by a nylon jacket, which offers 75°C heat resistance and moisture resistance. 

Insulation letter codes are intended as a reminder only and can easily be misinterpreted. 
For example, the "S" in “SE” does not stand for silicone. In this case, the abbreviation refers 
to the conductors application (service entrance) rather than specific materials or ratings. 
However, “USE” does indicate a service-entrance conductor that is suitable for underground 
installation Therefore, if a conductor type is unfamiliar from previous experience, its speci- 
fications should be checked to ensure that it has the proper insulation and ratings for the 
intended application. Some information may be printed separately on the conductor more 
explicitly, such as “90°C,” or the information may be found in manufacturer literature. Also, 
tables in NEC® Article 310 give more information about the ratings and uses of various 
conductor and insulation types. 

€ — 
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APPLICATION 


PV source-circuit TUTE v v6 va 


PV output-circuit wiring 


Interior wiring 


Battery wiring 


« Recommended Insulation Typ 


« Conductor Insulation Markings 


Figure 11-9. Size, insulation type, resistances, 
and other information are printed on the outer 
jacket of conductors. 


Conductor insulation types used in PV 
systems must be compatible with the envi- 
ronmental conditions and ratings of the as- 
sociated equipment, connectors, or terminals. 
PV systems can include many of the common 
conductor types used in buildings, but they 
must be chosen separately for different parts 
of the system. See Figure 11-10. 


PV Source-Circuit Wiring. PV module clectri- 
cal connections are usually installed with full 
exposure to the elements, including temperature 
extremes, sunlight (UV) exposure, and precipi- 
tation. Consequently, any conductors used for 
these circuits may need to be rated for outdoor 
applications with high temperature, moisture, 


s for PV Systems 


NUMBER OF CABLE 
EE 


REQUIRED RESISTANCES 


Ye - 


* may not be permitted in local jurisdiction 


and sunlight resistance. See Figure 11-11. 
Single-conductor USE-2 is widely used because 
it has high temperature, moisture-resistance, and 
sunlight-resistance ratings, and is readily avail- 
able. Also, single-conductor cable listed and 
labeled as “photovoltaic wire" or “PV wire" was 
added in the 2008 NEC? as approved wiring. 


*- Source-Circuit Wiring. 


Figure 11-11. Source-circuit conductors are per- 
mitted to be exposed if the conductor insulation 
has the required environmental resistances. 


PV modules and arrays operating on hot days 
under full sunlight can reach very high tempera- 
tures. Any conductors, conduits, junction boxes, 
connectors, or terminals located close to arrays 
or installed on rooftops in direct sunlight may 
experience these high temperatures as well. For 
this reason, conductors and other components 
used for PV source circuits may need to be rated 
for at least 90°C (194°F). 


INSTALLATION 


RECOMMENDED 


INSULATION TYPE 


kr Ox USE-2, PV WIRE 
vY USE2, XHHW-2, RHW-2, THWN- 2 
V — THHN, THW, RHW, XHHW, RH 

uw X .— NM, NMB, UF | 4^ 

7 USE, RHW, THW ú 


Figure 11-10. Conductors in different parts of a PV system have different application requirements. 


Conductors in array tracking systems have 
special considerations. These conductors must 
be especially flexible to withstand repeated 
movement, which can weaken or crack regular 
insulation and break conductor strands. The 
cables must be rated as ^hard-service" flexible 
cables, in addition to being listed for outdoor 
use. Requirements and ampacity derating regu- 
lations are detailed in Section 690.31 and Article 
400, “Flexible Cords and Cables.” 


PV Output-Circuit Wiring. The conductors 
in the PV source circuits do not need to be 
the same as the conductors for the PV output 
circuit. Since USE-2 and PV wire are more 
expensive than most other types of conductors, 
it may be advisable to transition to a differ- 
ent conductor type for the rest of the exterior 
wiring. This transition is usually done at the 
source-circuit combiner box. 


Conductors between the combiner box 
and the DC disconnect are usually enclosed 
in conduit for protection, so they do not need 
to be sunlight resistant, but they must still be 
rated for at least 90°C and wet conditions. 
(Even though the conductors are protected 
within conduit, the conduit is exposed and 
may trap water inside. Therefore, the 
conductors require a wet rating.) Single- 
conductor RHW-2, THW-2, THWN-2, and 
XHHW-2 types are commonly used for the 
PV output circuit. 


Interior Wiring. When DC conductors enter 
a building, they no longer require high tem- 
perature ratings (except when routed through 
attics), sunlight resistance, or moisture re- 
sistance. However, they must be contained 
within metal conduit or enclosures (up to the 
first readily accessible disconnect) and rated 
for fire resistance. Single conductors in con- 
duit, or multiconductor sheathed cables may 
be used, except where the cables are subject 
to damage from exposure or where otherwise 
required to be in conduit. For residential ap- 
plications, types NM and NM-B (both known 
as *Romex?") and UF are common accept- 
able multiconductor sheathed cables. USE-2 
conductors that also include RHH or RHW-2 
designations may be used inside buildings, 
but only when installed in conduit. 
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Factory-installed wiring inside components such as inverters may not follow 
North American color codes for field wiring. These conductors should not require 
modification, but the manufacturer's installation instructions should be carefully 
consulted to avoid any confusion with this wiring. 


Battery Wiring. Battery conductors include 
those between batteries or cells within the 
battery bank, and those connecting the battery 
bank to the nearest circuit device, such as a 
junction box or disconnect. Such conductors 
must be listed for hard-service use and mois- 
ture resistance. It is recommended that the con- 
ductors be flexible, as identified in Article 400, 
since they may be sized at 2/0 or larger. Flex- 
ible cables put less stress on battery terminal 
connections. Finely stranded building-wiring 
conductors such as USE, RHW, and THW are 
commonly used. The connectors permitted on 
these types of conductors must be specifically 
identified for such use, but certain types of ring 
lugs are generally compatible. Conductors 
intended for welding, automotive, or marine 
applications are not permitted. 


Conductor Insulation Color Codes 


The color of a conductor's insulation is used 
to identify the purpose of the conductor in the 
circuit and to match the ends of a conductor. 
The insulation may be a solid color or may 
consist of mostly one color with one or two 
stripes of another color. Most conductors 
are available in many colors. For conductors 
larger than 6 AWG, which are usually only 
black, colored tape is wrapped around the 
ends for identification. 
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There are separate color designations for 
grounded, grounding, and ungrounded con- 
ductors and they apply to both AC and DC 
circuits. Grounded conductors are white or 
gray. Grounding conductors can be bare or can 
have insulation that must be either solid green 
or green with yellow stripes. Ungrounded con- 
ductors may be of various colors, but must be 
distinguishable from the grounded or ground- 
ing conductors, so they cannot be white, gray, 
or green. 

The common convention in AC systems is 
that the first three ungrounded conductors are 
colored black, red, and blue. The ungrounded 
conductor for DC circuits (usually the positive 
conductor) may be black, red, or any other 
color except green, white, or gray. These color 
conventions do not always apply to factory- 
installed wiring inside of components. 


Wiring Connections 


Quality wiring connections are critical to the 
safe and reliable operation of PV systems. 
Poor connections add circuit resistance, in- 
creasing voltage drop, and power loss. In the 
worst cases, loose or corroded connections 
cause hot spots and thermal expansion at the 
connection, leading to failure of the connec- 
tion or the entire system. To minimize the 
chances of wiring failure, installers should 
use high-quality connectors and be careful 
to install them properly. In humid environ- 
ments, terminations should be coated with an 
antioxidation compound to retard corrosion. 
It is also important to use as few connections 
as possible. 

A variety of connectors, terminals, 
splices, and lugs may be used for field- 
installed PV system wiring, as long as they 
are appropriate and rated for the applica- 
tion, such as for conductor material, size, 
and environment. All wiring connections 
other than module connections must be 
made within junction boxes or equipment 
enclosures using approved methods and 
listed devices. This protects the connections 
from the environment but allows access for 
inspections and service. 


Module Connectors. Modules are typically 
connected together in PV source circuits with 
external, exposed connectors. See Figure 11-12. 
These connectors must be listed for the condi- 
tions of use and have ratings at least equal to those 
of the rest of the wiring system. 


Module Connectors _ 


Figure 11-12. Modules are typically connected 
together in PV source circuits with external, ex- 
posed connectors. 


Additionally, these connectors must meet 
the following five requirements from Section 
690.33: 

* The connectors must be polarized and 
noninterchangeable with other electrical 
equipment on the premises. This prevents 
accidentally reversing the array connections 
or connecting the incorrect circuits. 

* The connectors must protect the live parts 
from accidental contact with persons during 
assembly and disassembly. 

* The connectors must have a latching or 
locking mechanism to prevent accidental 
disconnection. When readily accessible and 
used in circuits over 30 V, a tool is required 
for opening. 

* When multiple connections are made, 
the grounding conductor must be the first 
conductor to make contact and the last to 
break contact. 

* The connectors must be either capable of 
safely interrupting the circuit current or 
require a tool to open and are marked “Do 
Not Disconnect Under Load" or *Not for 
Circuit Interrupting.” 


Connectors meeting these requirements 
facilitate quick, yet secure, safe, and reliable 
array connections. Some modules may not 
include the conductors and/or connectors, 
and require special crimping and installation 
tools to attach the connectors. However, many 
module manufacturers now factory-install 
the conductors and connectors, eliminating 
many preassembly requirements. The module 
junction boxes are often then sealed since the 
installer no longer needs access. 


Screw Terminals. Screw terminals use the 
compressive force of a screw to secure a 
conductor to a terminal and are highly reli- 
able. See Figure 11-13. A screwdriver or 
Allen wrench is used to tighten the screw 
terminal to a certain torque. These mechanical 
connections are common on many types of 
electrical components, including disconnects, 
overcurrent protection devices, PV modules, 
charge controllers, and inverters. 


£ Screw Terminals 


Figure 11-13. When tightened properly, screw 
terminals produce secure and low-resistance 
connections. 


Special terminals can be used as junction 
points combining several smaller conductors in 
parallel to connect with a single larger conduc- 
tor. Screw terminals should not be used with 
finely stranded or multiple conductors unless 
listed for such use. 
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Lugs. Lugs are used to terminate conductors 
with special connectors. In most cases, screw 
terminals are preferable to lugs because they 
are easier to install correctly and involve 
one fewer connection. Poorly installed lugs 
are problematic in electrical installations. 
However, some PV equipment may require 
lugs. Lugs are specified by the conductor 
size, number of conductors, temperature rat- 
ing, insulation, lug type, and lug size. See 
Figure 11-14. 


t Lugs | 


Figure 11-14. Lugs are crimped conductor terminations in ring, fork, 
spade, or pin shapes. 


Lug types include fork, ring, and discon- 
nect (spade or pin) lugs. Fork and ring lugs 
are used for connections made by threaded 
screws or nuts and the lug is sized according 
to screw diameter designations, such as 1/4" 
and #8. Fork terminals can be easily removed 
by loosening the terminal screw or nut, while 
ring terminals require complete removal of the 
fastener. For this reason, ring lugs are usually 
used for large conductors, so they cannot ac- 
cidentally slip out from under the screw or nut 
duc to their weight or movement. Spade- or 
pin-type lugs have both male and female ele- 
ments that connect only to each other and can 
be disconnected without tools. 


Some electrical circuits use aluminum or copper-clad alumi- 
|. num conductors. These conductors have lower ampacity than 
- all-copper conductors for the same sizes but are significantly 


lighter. However, they require special connectors and terminat- 
ing methods and are not generally used in PV systems. 
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Most types of lugs require crimping. Crimp- 
ing compresses the conductive lug material 
around the exposed end of a conductor, making 
secure mechanical and electrical connections. 
Heavy-duty crimpers are required for conduc- 
tor sizes greater than 8 AWG. Secure crimping 
is vital, so only quality crimping tools should 
be used. Every connection should be tugged 
and checked after crimping to ensure that 
a quality connection has been made. Some 
battery cables are available with preinstalled 
lugs that are both crimped and soldered for 
extra strength. 

Lugs may or may not include insulation 
around the crimped portion. To ensure quality 
crimping without interference from the plastic 
insulation, uninsulated lugs are preferred. If 
insulation is required, it can be added with tape 
or heat-shrink tubing after the crimp connec- 
tion is made and checked. 


Splices. Splices are used in PV systems to 
connect or extend conductors, parallel ar- 
ray source circuits, or tap service-entrance 
conductors for supply-side interconnections. 
The splice and any exposed areas on the 
conductor must be insulated (covered with 
appropriate tape or heat-shrink tubing) with 
a level of protection and rating equivalent to 
the conductor insulation. 

Splicing devices include screw-terminal, 
split-bolt, crimped-barrel, and twist-on con- 
nectors. See Figure 11-15. Splicing devices 
for direct burial must be listed for that use. 
With the exception of direct-burial splices, all 
splices must be made in an approved junction 
box or enclosure. 

Twist-on splicing devices, called “wire 
nuts," are commonly used in many electrical 
applications. Some types are rated for wet 
locations or direct burial and are prefilled with 
antioxidation compounds. However, these con- 
nectors can easily produce poor splices and are 
not commonly used in PV systems. 


DC Plugs and Receptacles. Branch circuits 
installed for powering DC loads may require 
the use of plugs and receptacles for making 
quick or temporary connections. The National 
Electrical Manufacturers Association (NEMA) 
standardizes the configurations of dozens of 


plug and receptacle designs. The NEC? does 
not require a specific design for use in DC 
branch circuits, but allows any that conform to 
three requirements: the plugs and receptacles 
must be listed for DC power with a rating of 
at least 15 A, must have a separate equipment- 
grounding terminal, and must be different from 
any other receptacles used on the premises. 


*- Screw Terminal Block Splices 


Figure 11-15. Splicing devices, such as screw 
terminal blocks, are used in PV systems to con- 
nect or extend conductors, parallel array source 
circuits, or tap service-entrance conductors for 


supply-side interconnections. 


Only one NEMA plug-and-receptacle 
configuration is specifically designed for . 
DC only, and a few two-pole, three-wire 
designs are specifically for AC only. Most 
others can be used for either type of power. 
For most residential and light commercial 
applications, several NEMA styles satisfy 
the other two requirements, since they have 
separate grounding terminals and are not 
commonly used otherwise in these locations. 
See Figure 11-16. 

Two-conductor plugs and receptacles, 
such as automotive "cigarette lighter" styles, 
cannot be used. It is also not acceptable to 
use the third grounding conductor of a three- 
conductor plug or receptacle to carry com- 


mon negative return currents on a combined 
12/24 V system. 
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Junction Boxes Plug and Receptacle Configurations for 

A junction box is a protective enclosure usedto — *- DC Branch Circuits — 

terminate, combine, and connect various circuits STRAIGHT BLADE 

or components together. Junction boxes may be _ NEMA Ratings E Plug Receptacle — 
empty enclosures, within which conductors are Designation ~ Configuration . Configuration i 
routed or spliced together, or they may contain 
terminal strips for making connections. 


30A 
Junction boxes can be either a box perma- pun 125 V 


nently attached to the outside of a major com- 
ponent for making connections to terminals of 
that component, or a separate box for combin- 
ing circuits. Junction boxes located behind 15A 
modules or panels must be accessible by the 250 V 
removal of module or support fasteners. Thus, 
modules may not be permanently fastened or 
welded to a support structure. 


ey 


20A 
The common types of junction boxes used 6-20 250 V 


in PV systems are module junction boxes and 
source-circuit combiner boxes. Separate junc- —— == 
tion boxes must be listed for the application. 


Module Junction Boxes. Most PV modules 6-30 30A 
include a plastic junction box attached to the 250 V 
back surface. The junction box contains the 

module's electrical terminals and often the by- 

pass diodes. See Figure 11-17. Some module TWIST LOCKING 
junction boxes have multiple knockouts sized 

for conduit or individual conductors. For the 15A 

junction box to be used with conduit, the mod- m 125 V 


ule nameplate must include a CR rating. 


\ J = 


Exposed conductors must use a method of B E 
mechanically securing the conductor to reduce T = 
any pulling forces on the connection. Junction L5-20 
boxes may include strain-relief posts for this 


purpose, or the installer may use strain-relief 2 
clamps at the entrance to the junction box. 


ox 


Some junction box terminals allow limited 5-30 30A 
reconfiguration of the cell circuit arrangements 
within the module. For example, by changing 
terminal connections, a module consisting of 
two series strings of cells in parallel can be 15A 
reconfigured into one long series string. 125 V 

Permanently sealed module junction boxes 
are becoming increasingly common. The 
module's primary electrical connections are 
encapsulated in a sealed enclosure on the back FSL1 
of the module. Short lengths of conductors 
extend from the box and terminate with posi- 


tive and negative connectors. This makes field Figure 11-16. Several NEMA plug-and-receptacle configurations are 
installation faster, safer, and more reliable. acceptable for use with DC branch circuits. 


39 
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*- Module Junction Boxes 


Figure 11-17. Module junction boxes contain 
and protect the module terminal connections 
and diodes in the source circuit. Some are field- 
accessible. 


PV Source-Circuit Combiner Boxes. A com- 
biner box is a junction box used as the parallel 
connection point for two or more circuits. 
Combiner boxes are used to combine parallel 
array source circuits into the PV output circuit. 
These boxes typically include terminal blocks, 
fuses, and fuse holders. 


A source-circuit combiner box facilitates 
and protects array wiring connections and 
provides a central point to test and troubleshoot 
arrays. See Figure 11-18. It also allows one 
source circuit to be disconnected without in- 
terrupting the other source circuits. Combiner 
boxes may be located indoors or outdoors, near 
or inside an inverter, or as a separate enclosure 
near the array. 
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Combiner boxes often have circuit boards that include built-in provisions for PV 
source-circuit fuses and wiring connections. 


£ Source-Circuit Combiner Boxes 


"us a 


AMtec Solar 


Figure 11-18. Multiple PV source circuits are 
combined into the PV output circuit within the 
combiner box. 


Protection Diodes 


In PV systems, diodes are used in the array cir- 
cuits as either blocking diodes or bypass diodes. 
These diodes are typically built into the PV mod- 
ules, installed inside the module junction boxes, 
or built into components that interface with the 
array output circuit. When field-installed, these 
diodes must be properly sized for the maximum 
expected voltages and currents. 


Blocking Diodes. A blocking diode is a di- 
ode used in PV source circuits to prevent re- 
verse current flow. For example, in a simple 
self-regulated PV system, a fully charged 
battery may begin to discharge through the 
array when the array voltage falls below 
the battery voltage at nighttime. A blocking 
diode is used to prevent this undesirable dis- 
charge. Similarly, in an array with multiple 
source circuits, a blocking diode prevents 
one source circuit from feeding another 
source circuit, such as when the second 
circuit is shaded and consumes power. A 
blocking diode is installed in the ungrounded 
conductor in series with the module string 
to prevent these types of power losses. See 
Figure 11-19. 
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~À BYPASS DIODES 
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Figure 11-19. Blocking diodes are installed in the source circuit and bypass diodes are installed 
within a module or its junction box. These diodes prevent power loss due to reverse current or high- 


resistance conditions. 


Blocking diodes are rarely installed today as 
separate components. If used separately, they 
are usually installed in the PV source-circuit 
combiner box or the module junction box at the 
head ofeach series string. More commonly, they 
are incorporated into components that control 
battery charge and discharge current, such as 
charge controllers and bimodal inverters. In 
shunt-type charge controllers, a blocking diode 
also prevents the controller from shorting the 
battery bank during charge regulation. 


Bypass Diodes. A bypass diode is a diode used to 
pass current around, rather than through, a group 
of PV cells. In contrast to blocking diodes, bypass 
diodes are installed in parallel with modules or 
groups of cells. Each module may include one 
to three bypass diode(s). 

Under normal operating conditions, current 
does not pass through bypass diodes. How- 
ever, if cells develop an open-circuit or high- 
resistance condition because of shading or mod- 
ule damage, bypass diodes minimize power 


output losses by routing current around the 
strings of affected cells. 

Bypass diodes can be factory-installed by 
the module manufacturer or field-installed by 
the installer. They may be accessible in module 
junction boxes, or they may be encapsulated 
in a junction box or module laminate. See 
Figure 11-20. 


Figure 11-20. Bypass diodes may be field-in- 
stalled in the module junction box. 
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Conduit Selection 


Most PV system conductors are installed in 
conduit. However, source-circuit and output- 
circuit conductors are required to be in conduit 
only when installed in a readily accessible lo- 
cation and their maximum circuit voltages are 
greater than 30 V. Otherwise, the extra lengths 
of exposed conductors should be neatly gath- 
ered and secured to the mounting structure to 
prevent abrasion damage from wind or ice. 
Conduit options for throughout PV systems 
may include electrical metallic tubing (EMT), 
rigid nonmetallic conduit (electrical PVC, 
schedule 40 or 80), and electrical nonmetallic 
tubing (ENT), assuming their use does not ex- 
ceed their ratings. Rigid metal conduit (RMC) 
and intermediate metal conduit (IMC) may be 
used when extra protection is needed. See Fig- 
ure 11-21. Like outdoor conductors, outdoor 
conduit must be rated for high temperatures, 
sunlight resistance, and moisture resistance. 


+ Source-Circuit Conduit 


Figure 11-21. A number of different types of 
conduit may be used in PV systems if they have 
the necessary resistances, such as moisture and 
high temperature resistance for source circuits. 


When DC conductors from a PV power 
source are run inside a building, they must be 
contained in metallic conduits or enclosures 
up to the point of the first readily accessible 
disconnect. In the case of building-integrated 
arrays, the entire array circuit falls under this 


requirement. Conduit provides physical protec- 
tion for these conductors. Metallic conduit also 
provides fire resistance and a ground-fault path 
for ground-fault protection devices. 

The conductors of PV source and output 
circuits must not be contained in the same con- 
duit, junction box, or raceway with conductors 
of any other electrical system. However, DC 
circuits can be run together with AC circuits 
if they are both directly related to a specific 
PV system. 


OVERCURRENT PROTECTION 


An overcurrent protection device is a device 
that prevents conductors or devices from reach- 
ing excessively high temperatures due to very 
high currents by opening the circuit. High 
temperatures can damage components and 
conductor insulation, causing electrical shock 
and fire hazards. The overcurrent protection 
device opens the circuit before the overcurrent 
damage can occur. See Figure 11-22. An 
overcurrent condition can be the result of an 
overload, ground fault, or short circuit. 

Overcurrent protection devices are classified 
by how quickly they activate. A non-current- 
limiting device operates slowly, allowing 
damaging short-circuit currents to build up to 
full values before opening. A current-limiting 
device opens the circuit in less than one-quarter 
cycle of short-circuit current, before the current 
reaches its highest value, limiting the amount 
of destructive energy allowed into the circuit. 
Current-limiting devices are required in some 
parts of PV systems. 


Overcurrent Protection Devices 


Overcurrent protection devices include fuses 
and circuit breakers. See Figure 11-23. A 
fuse is a metallic link that melts when heated 
by current greater than its rating, opening the 
circuit and providing overcurrent protection. 
Requirements for overcurrent protection in 
PV systems are covered in Section 690.9. 
Overcurrent protection devices must be listed 
and specifically rated for their intended use, 
such as for DC. Automotive fuses may not be 
used in PV systems. 


+ Overcurrent Protection 
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Figure 11-22. Current-limiting overcurrent protec- 
tion devices open a short circuit before current 
reaches its highest value. 


x Overcurrent Protection Devices - 
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Figure 11-23. Overcurrent protection devices 
include fuses and circuit breakers of various 
types and ratings. 
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Fuses are either non-time-delay or time- 
delay types. A non-time-delay fuse detects 
any overcurrent and opens the circuit almost 
instantly. This provides maximum protection, 
but can cause nuisance tripping for short, 
harmless surge currents. A time-delay fuse 
detects and opens a short circuit almost in- 
stantly, but allows small overloads to exist for 
a short time. Time-delay fuses may be used 
for protecting circuits with momentary current 
surges, such as circuits involving transformers 
or motors. 


A circuit breaker is an electrical switch that 
automatically opens as a means of overcurrent 
protection, and that can be manually opened 
as a disconnecting means. The advantages 
of circuit breakers include being resettable 
after an overcurrent trip and that they can 
be used as disconnects for installation and 
maintenance. A circuit breaker can be used 
to satisfy both the overcurrent protection and 
disconnect requirements in some parts of a 
PV system. 


Current Ratings 


The current rating of an overcurrent protec- 
tion device depends on the ampacity of the 
circuit conductors. The overcurrent protec- 
tion device rating required for PV circuits 
is 12596 of the calculated maximum circuit 
current. (Note that this is in addition to the 
125% required to calculate the maximum cir- 
cuit current for PV source-circuit conductors 
from the module short-circuit current.) This 
is the same calculation as for the required 
conductor ampacity. Since overcurrent pro- 
tection devices are available in only certain 
ratings, the nearest higher standard rating 
may be used. 

For example, consider a PV output circuit 
composed of three source circuits, each 
with a rated short-circuit current of 7 A. 
The maximum current of the output circuit 
is 26.25 A (7 A x 3 x 12596 = 26.25 A). The 
required overcurrent protection device rating 
is 32.8 A (26.25 A x 125% = 32.8 A). The 
overcurrent protection device rating should 
be the next higher available standard size, 
or 35 A. 
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= Replacing Fuses 


Fuses must be safely isolated from all sources of power prior to replacement. There must not 
be any voltage on either end of a fuse before contact is made by a person. This requirement 
can be satisfied by installing a switch on both sides, but this complicates and potentially 
adds extra costs and resistance to the system. Manufacturers have developed fuse-holding 
systems that simplify compliance with this requirement. 


Replaceable fuses in components such as 
inverters can be disconnected from the circuit 
and removed by unscrewing a nonconductive 
end cap in the side of the enclosure. When in 
the circuit, the cap holds the fuse up against 
the electrical contacts. When removed, the 
completely disconnected fuse can be safely 
handled. The circuit contacts are still poten- 
tially live but completely enclosed within the 
component and inaccessible. 

Alternatively, "finger-safe" fuse holders 
are commonly used for field-installed fuses, 
such as array source-circuit supplementary 
fuses. These holders either pull the fuse 
out using a nonconductive tool or include a 
mechanism to eject a fuse from its contacts 


while keeping the contacts entirely within a — Finger-safe fuse holders ejecta fuse from its contacts with 


nonconductive enclosure. 


the touch of a finger on the nonconductive enclosure. 


Interrupting Rating 


The interrupting rating is the maximum cur- 
rent that an overcurrent protection device is 
able to stop without being destroyed or caus- 
ing an electric arc. This protects devices from 
high fault currents and short circuits. All listed 
current-limiting overcurrent protection devices 
have interrupting ratings, which are usually 
marked with "AIR" for amperes interrupting 
rating. Overcurrent protection devices without 
adequate interrupting ratings can rupture, burn, 
or become welded together by a short circuit. 
For PV source circuits, the interrupting rating 
is not critical, since the circuit is current-limited 
by nature. However, battery circuits can deliver 
short-circuit currents of several thousands of am- 
peres, which can cause battery explosions or fires. 
Therefore, overcurrent protection devices for bat- 
tery circuits must have a very high interrupting 
rating. Some fuses are available with interrupt- 
ing ratings up to 200,000 A. DC-rated magnetic 
circuit breakers are available with interrupting 
ratings of only a few thousand amperes, which is 
generally not considered sufficient protection. 


PV System Overcurrent Protection 


General information about overcurrent protection 
is covered in Article 240, “Overcurrent Protec- 
tion,” and specific applications for PV systems 
are covered in Article 690. Nearly all PV system 
circuits require overcurrent protection, including 
the PV source circuits, PV output circuit, inverter 
output circuit, and any battery or load circuits. 
Circuits must be protected from every source of 
power. For the purposes of sizing overcurrent 
protection devices, all PV system currents are 
considered to be continuous. In most systems, 
every ungrounded conductor must be protected. 
There are only a few exceptions, which primarily 
apply to PV source and output circuits. 


Array Overcurrent Protection. Generally, 
all ungrounded array conductors must include 
overcurrent protection. The grounded conduc- 
tors must not normally include overcurrent 
protection (or a disconnect), since opening 
this circuit will disconnect part of the system 
from ground. All array overcurrent protection 
devices must be listed for DC applications and 
have appropriate voltage and current ratings. 
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In addition to overcurrent protection on accessible, so they may be installed in junc- 

the PV output circuit, overcurrent protection tion boxes or other enclosures on rooftops 
is usually required in each PV source circuit. or in attics. 
Requirements for source-circuit overcurrent 
protection must consider possible back-feed 
currents from other PV source circuits, the 
inverter, or battery circuits. Parallel power 
sources may inadvertently back-feed each 
other in a way that could exceed the conduc- 
tor ampacity and damage the module. Also, 
PV source-circuit overcurrent devices must 
not exceed the maximum overcurrent device 
rating marked on the modules. 


¥ Source-Circuit Fuses 


This source-circuit overcurrent protec- 
tion may be provided by supplementary 
overcurrent protection devices. See Figure 
11-24. A supplementary overcurrent protec- 
tion device is an overcurrent protection device 
intended to protect an individual component 
and is used in addition to a current-limiting 
branch circuit overcurrent protection device. 
In this case, a series string of modules is 
treated as a single component. The use of such 
devices enables the source-circuit protection 
to be closer to the specified ratings required 


on module labels. These devices must be Figure 11-24. Array source circuits are fused indi- 
accessible, but are not required to be readily — vidually within the source-circuit combiner box. 


Conductors and equipment require overcurrent protection when connected to power sources 
that can potentially produce higher-than-normal current. Since PV devices are inherently 
current-limited, they cannot be a source of overcurrent, provided the conductors are properly 
sized for the device's short-circuit current. Therefore, conductors that are series-connected 
to only PV power sources do not require overcurrent protection. For example, single source 
circuits in direct-coupled systems do not require overcurrent protection because the con- 
ductors should already be sized for the greatest amount of current that the source circuit 
is capable of producing. 

Likewise, an array with only two source circuits does not require overcurrent protection. 
Each source circuit is sized to handle its own maximum current, which is the same current that 
could come from the other source circuit if one circuit back-feeds the other. This could occur 
if one circuit was shaded or damaged. Conductors sized normally (according to the current 
from one source circuit) and without overcurrent protection will not be adequate, however, for 
arrays with three or more source circuits. Two circuits could potentially back-feed the third, 
overloading the third circuit's conductors with twice the current they were sized for. 

Regardless of the number of source circuits, overcurrent protection is required to protect 
the array conductors from potential back-feed currents from other power sources, particularly 
a battery bank or inverter. Battery banks are always a potential source of high back-feed 
currents, although some inverters may be designed to avoid this risk. Whether an inverter 
is non-back-feeding can be investigated in the product listing or by independent test results 
provided by the manufacturer. 

i HM 
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Inverter-Output Overcurrent Protection. 
Overcurrent protection on the inverter output 
circuit conductors is sized based on the maxi- 
mum continuous output rating of the inverter. 
This protects the conductors on the AC side 
of the system from overcurrent from the 
inverter. If the PV system is interactive, current- 
limiting overcurrent protection devices are 
used to protect the system from overcurrent 
from utility-service faults, which usually re- 
quires a higher interrupting rating. 

AC output overcurrent protection for in- 
teractive systems depends on the location of 
the utility interconnection. See Figure 11-25. 
Some systems may use a separate fused discon- 
nect. Alternatively, the inverter output may be 
connected to the AC distribution panel through 
a back-fed circuit breaker. A back-fed circuit 
breaker is a circuit breaker that allows current 
flow in either direction. The back-fed circuit 
breaker provides overcurrent protection of the 
branch circuits from the inverter, and the panel’s 
main service circuit breaker provides protection 
for the service conductors. 


Battery Overcurrent Protection. Battery 
banks can produce very high currents when 
short-circuited. This can affect the DC branch 
circuits and other connected equipment, 
including the array, charge controller, and in- 
verter connected directly to the battery system. 
The battery-bank output circuit must include 
current-limiting overcurrent protection with 
an especially high interrupting rating. 


Branch-Circuit Overcurrent Protection. 
PV systems may include DC branch circuits, 
AC branch circuits, or both. In either an AC 
or DC system, the conductors in each branch 
circuit must be protected with an appropriate 
and properly sized overcurrent protection 
device. Circuit breakers are commonly used 
since they also function as disconnects. 


In the NEC®, “accessible” means that equipment is not 
Protected by locked enclosures or similar impediments but 
can be approached closely. “Readily accessible” means that 


equipment can be reached quickly without removing obstacles 
or requiring ladders. A roof is typically considered an acces- 
sible location. 
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Figure 11-25. Overcurrent protection for the inverter 
output circuit depends on the system or utility inter- 
connection type. Overcurrent protection and discon- 
necting means for this circuit may also be combined 
by using circuit breakers or fused disconnects. 


A particular overcurrent problem arises 
when one stand-alone inverter with a 120 V 
output supplies a 120/240 V distribution panel. 
If the system includes a multiwire branch circuit 
with two 120 V loads or one 240 V load, the 
single grounded (neutral) conductor can become 
dangerously overloaded. See Figure 11-26. 
Since current on the two ungrounded conduc- 
tors will be in-phase, instead of out-of-phase as 
with a normal 240 V split-phase supply, currents 
in a multiwire branch circuit will add when 
they return on the shared grounded conductor. 
Therefore, the grounded conductor may carry 
twice its rated circuit current. (A similar prob- 
lem can occur with interactive systems when PV 
systems are added to buildings that are already 
wired for standard 120/240 V service.) 

There are a number of ways to solve this 
problem. A transformer can be used to convert 
the 120 V inverter output to 240 V split-phase. 
The multiwire branch circuit can be rewired 
into two separate circuits, each with its own 
neutral conductor. Or, two 120 V inverters can 
be installed to supply split-phase 240 V. 
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Figure 11-26. Connecting a 120 V inverter to a 
120/240 V system with multiwire branch circuits 
causes dangerous overloading in the grounded 
(neutral) conductor and must be avoided. 


Transformer Overcurrent Protection. Trans- 
formers are used in PV systems to convert an 
inverter output voltage to a different level, for 
example from 208 V to 240 V or from 120 V to 
240 V. For interactive inverters, the transformer 
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is energized from two sources, the PV system 
and utility grid. In this case, both windings 
must be considered primaries, which normally 
requires overcurrent protection. 


An exception is made when the trans- 
former has a current rating equal to or higher 
than the maximum short-circuit current 
rating of the inverter output. In such a case, 
overcurrent protection is not required on that 
side of the transformer. 


DISCONNECTS 


A disconnect is a device used to isolate 
equipment and conductors from sources of 
electricity for the purpose of installation, 
maintenance, or service. Article 690, Part III, 
addresses disconnect requirements for PV 
systems. Disconnects are required for both 
the DC and AC sides of a PV system. Discon- 
nects are also required to isolate other power 
sources, such as batteries, and may be included 
at additional points to facilitate system testing 
or maintenance. 

A disconnect must be manually operable 
and may be either a switch or a circuit breaker. 
Either type of device, when used as a discon- 
nect, must be located where readily accessible, 
be externally operable and guarded, plainly 
indicate whether it is in the open or closed 
position, and have an appropriate interrupting 
rating for the circuit fault conditions. 


Array Disconnects 


A disconnect must be provided to isolate all 
current-carrying conductors of a PV power 
source from all other conductors in a building 
or structure. See Figure 11-27. This discon- 
nect is also known as the DC disconnect or PV 
disconnect. Disconnects used in the PV output 
circuit must be rated for DC and identified as 
such. Equipment such as PV source-circuit 
isolating switches, overcurrent protection 
devices, and blocking diodes are permitted on 
the array side of the array disconnect. 

All current-carrying conductors in the PV 
output circuit must include a switch, circuit 
breaker, or some other disconnecting means. 
This includes the grounded conductor, unless 
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the disconnecting means would leave that con- 
ductor ungrounded and energized. The array 
disconnect means must be installed at a readily 
accessible location either on the outside of the 
building or inside nearest the point of entrance 
of the PV output-circuit conductors. 

Since PV arrays cannot be turned OFF with 
a disconnect, special care must be taken to 
disable an array for installation or service to 
minimize electrical shock hazards. This can 
be accomplished by open-circuiting or short- 
circuiting the array, or by covering the modules’ 
front surfaces with an opaque material. For large 
systems, the array may be divided into small 
sections for individual disablement. 


* Array Disconnects _ 
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Figure 11-27. The array disconnect opens all cur- 
rent-carrying conductors in the PV output circuit. 


AC Disconnects 


A disconnect must also be installed on the 
AC side of a PV system to isolate the system 
from the rest of a building's electrical system. 
In an interactive system, the PV system's AC 
disconnect is often located near the main utility 
disconnect for convenience. See Figure 11-28. 
Although this is not an NEC? requirement, 
this location can satisfy utility interconnection 


requirements for an accessible, visible-break, 
lockable PV system disconnect. 

When an electrical system includes multiple 
power sources, such as a PV array, battery bank, 
engine generator, wind turbine, or utility power, 
there must be a disconnect for each power 
source. These disconnects should be grouped 
together and should require no more than six 
hand motions to completely remove any one 
power source from the electrical system. 
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Figure 11-28. The AC disconnect of an interac- 
tive PV system may be located close to the main 
utility service disconnect, which can satisfy utility 
requirements for an external, visible-break, and 
lockable PV system disconnect. 


Equipment Disconnects 


Disconnects must be provided to open all un- 
grounded conductors to every power source and 
each piece of PV system equipment, including 
inverters, battery banks, charge controllers, 
and other major components. If equipment 
is connected to more than one power source, 
each power source must have disconnecting 
means. See Figure 11-29. These disconnects 
must be circuit breakers or switches, though 
circuit breakers are more common because 
they are less expensive and easier to source for 
DC circuits. 


Some equipment, particularly charge 
controllers, may operate erratically if left 
connected on one side and not the other. The 
solution is to install a pair of circuit breakers, 
one for the component’s input circuit and one 
for the output circuit, and mechanically con- 
nect the switches together. 
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Figure 11-29. Switches or circuit breakers are 
required to isolate and disconnect all major com- 
ponents in a PV system from all ungrounded 
conductors of all power sources. 


GROUNDING 


Grounding provides a path for fault currents 
and lightning-induced surges to dissipate 
safely, protecting people and equipment from 
hazards or damage. It also helps suppress 
electromagnetic interference. The NEC? re- 
quires most electrical systems to be grounded. 
Article 250, “Grounding and Bonding,’ es- 
tablishes general requirements for grounding. 
Article 690, Part V, covers particular ground- 
ing requirements for PV systems. 

A PV power source operating over 50 V 
must have one grounded conductor, with the 
exception of ungrounded systems meeting 
other special requirements. This voltage is the 
temperature-corrected maximum open-circuit 
voltage of the system, not the nominal volt- 
age. Therefore, nominal 12 V stand-alone PV 
systems do not require a grounded conductor, 
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Grounding Electrode System 


A grounding electrode 1s a conductive rod, 
plate, or wire buried in the ground to provide 
a low-resistance connection to the earth. 
Article 250, Part III, covers the materials, 
shapes, sizes, and depths of grounding elec- 
trodes for adequate grounding. Section 690.47 
establishes requirements for the grounding 
electrode system used in PV systems. These 
requirements cover three specific grounding 
cases: AC systems, DC systems, or a combi- 
nation of both. 


AC Grounding. For AC systems, the grounding 
electrode system requirements are established in 
Article 250, Part III. These are the requirements 
for most common residential and commercial 
electrical systems, and are familiar to most elec- 
tricians. The grounding connection is typically 
made at the main electrical distribution panel, 
where the grounded conductor and the ground- 
ing electrode conductor are connected to the 
same bus bar. In PV systems, this section applies 
to AC-only systems, such as systems with AC 
modules and no field-installed or accessible DC 
circuits, or to the AC side only of a PV system 
with both AC and DC circuits. 


DC Grounding. For DC-only systems, such 
as small stand-alone PV systems supplying 
only DC loads, the grounding electrode sys- 
tem must meet the requirements of Article 
250, Part VIII. The DC grounding electrode 
conductor must be at least the size of the larg- 
est conductor supplied by the PV system, or 
8 AWG copper, whichever is greater. However, 
when the DC grounding electrode conductor 
is the only connection to a rod, pipe, or plate 
electrode, the grounding electrode conductor is 
not required to be larger than 6 AWG copper. 
This avoids the use of very large grounding 
electrode conductors when the sole connec- 
tion to the grounding electrode is made at the 
battery or inverter DC terminals. 


The NEC? allows a number of different types of grounding 
electrodes. Existing metal parts of a structure, such as buried 
water piping, structural steel, or concrete-encased rebar, are 


but nominal 24 V systems may, since the actual 
array open-circuit voltage may reach higher 
than 50 V under extreme conditions. Typically, 
the negative DC conductor is the grounded 
conductor for two-wire PV arrays. 


ideal. If these are unavailable, electrodes made of buried metal 
rods, pipes, plates, or rings are acceptable. 
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Terminology 


ee os os Á 


Terms for the conductors and parts in a grounding system can be confusing but must be 
well understood to properly wire an electrical system. This terminology is the same for all 
electrical systems covered by the NEC®, including PV systems. 

Grounded is the condition of something that is connected to the earth or to a conductive 
material that is connected to the earth. A grounding electrode is a conductive rod, plate, or 
wire buried in the ground to provide a low-resistance connection to the earth. A grounding 
electrode conductor (GEC) is a conductor connecting the grounding electrode to the rest of 
the electrical grounding system. This conductor carries current only during ground faults. 


A grounded conductor is a current- 
carrying conductor that is intentionally 
grounded. In an AC system, this conductor 
is often called the neutral conductor. In a 
DC system, this conductor is usually the 
negative conductor. 

The equipment grounding conductor 
(EGC) is a conductor connecting exposed 
metallic equipment, which might inadver- 
tently become energized, to the grounding 
electrode conductor. This conductor does 
not normally carry current. Grounding 
conductors from various branch circuits 
and equipment are bonded together on a 
common busbar. This busbar also includes 
the grounding electrode conductor and the 
main bonding jumper, which connects the 
grounding system to the grounded (neutral) 
conductor. 
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An ungrounded conductor is a current-carrying conductor that has no connection to 
ground. These conductors are also referred to as “hot” conductors. 


The DC grounding connection may be made 
at any single point on the PV output circuit. 
Multiple DC grounding connections must be 
avoided, as they provide an alternate path for 
current to flow and may cause some ground- 
fault protection devices to operate improperly. 
Since the extent of the PV output circuit is 
difficult to define, connections on either side 
of a DC disconnect or charge controller are 
generally considered acceptable. Grounding 
connections close to the PV power source pro- 
vide the system with better protection against 
lightning surges, but may be more complex to 
install. Common grounding points in the DC 
circuit are at the source-circuit combiner box 
and at the inverter. 


AC and DC Grounding. Most PV systems 
involve both AC and DC, which involves the 
incorporation of the grounding requirements 


for these portions of the PV system. Since the 
DC grounded conductor is not directly con- 
nected to the AC grounded conductor, they 
are considered separate systems. These two 
grounding systems must be bonded together. 
See Figure 11-30. There are two acceptable 
methods of meeting this requirement. 

In the first method, separate AC and DC 
grounding electrodes are connected with the 
bonding conductor. The bonding conductor 
must be no smaller than the larger of the two 
grounding electrode conductors, in either the 
AC or DC grounding system. 

In the second method, the DC grounding 
system is bonded to the AC grounding system, 
which is then connected to a single grounding 
electrode through an AC grounding electrode 
conductor. This method usually uses the exist- 
ing grounding electrode for the building’s AC 


power system. Both the bonding conductor 
and the grounding electrode conductor must 
be sized to meet the requirements of both the 
AC and DC grounding systems. This method 
is more common for grounding interactive 
PV systems. 


Array Grounding. The 2008 NEC? added a 
new and separate array grounding requirement 
to the grounding electrode system. Arrays 
may be mounted some distance away from 
the building that holds the majority of the 
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system components, including the grounding 
electrode conductor. In order to maintain uni- 
form grounding throughout the entire system, 
an additional and separate grounding electrode 
is required at the array location, if the array 
grounding electrode would be more than 
6' from the premises wiring electrode. This 
electrode does not need to be directly bonded 
to the other electrodes, though the grounding 
systems are effectively connected through the 
equipment grounding conductors. 
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Figure 11-30. The DC grounding system and the AC grounding system must be connected together 
with a bonding conductor. The array may also require a separate grounding electrode system. 
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Ground-Fault Protection 


A ground fault is the undesirable condition of 
current flowing through the grounding con- 
ductor. Ground faults are typically caused by 
damage to the protective insulation of normally 
current-carrying conductors. The copper mate- 
rial may then contact and energize metallic 
equipment such as enclosures, conduit, struc- 
tures, and bare grounding conductors. Ground 
faults are a significant shock hazard. A ground 
fault current can also be a fire hazard as nearby 
combustible materials can be ignited by arcing 
or the bare metal heated by fault-current flow. 

Ground-fault protection is the automatic 
opening of conductors involved in a ground 
fault. This stops the fault-current flow and 
disables the system until it can be inspected 
and repaired for conductor insulation damage 
or other causes of ground faults. Two types 
of ground-fault protection devices are used in 
PV systems. Although both types of devices 
provide ground-fault protection, they are very 
different in purpose and operation. 


Ground-fault detection and interruption (GFDI) circuits in inverters sense the 
loss of a grounding connection from a ground fault and quickly shut down the 
inverter. 


Array Ground-Fault Detection and Inter- 
ruption. Most arrays are required to include 
ground-fault protection, as described in Sec- 
tion 690.5. Exceptions are ground- or pole- 
mounted arrays with only one or two source 
circuits and all DC circuits isolated from 
buildings, and arrays at other than residences 
with appropriately sized equipment grounding 


conductors. Arrays mounted on residential 
roofs must include ground-fault protection in 
the DC circuit. This is because a roof is con- 
sidered a more serious fire risk, with greater 
potential for loss of life and property than, for 
example, a ground-mounted array. 

An array ground-fault protection device 
must detect a ground fault in the PV output 
circuit, interrupt the flow of fault current, and 
provide an indication of the fault. Therefore, 
these devices are sometimes called ground- 
fault detection and interruption (GFDI) de- 
vices. The faulted circuits are isolated by either 
automatically disconnecting the ungrounded 
conductors or causing the inverter or charge 
controller to automatically cease supplying 
power to output circuits. If the grounded con- 
ductor is opened as well, all conductors of the 
faulted circuit must then be opened, and it must 
be automatic and simultaneous. 

All ground faults must flow through the 
grounding electrode conductor bonding con- 
nection, and there must be only one grounding 
connection in the DC circuit. Therefore, the 
array ground-fault protection device must be 
located at this point. Depending on the system 
configuration, this may be at the combiner box, 
array disconnect, or inverter. 

The grounding connection must pass 
through the ground-fault protection device. 
Disconnecting this grounding connection, 
with either a fuse or circuit breaker, effectively 
interrupts the ground fault. The fuse or circuit 
breaker is activated when the ground fault 
exceeds a certain amount, normally 1 A. 

Ground-fault protection is often built into 
the inverter, which inciudes a serviceable fuse. 
See Figure 11-31. Inverters are designed to 
immediately shut down and disconnect the 
ungrounded conductor if the fuse is opened. 

For low-voltage PV systems, a pair of 
circuit breakers can be used to provide array 
ground-fault protection. See Figure 11-32. A 
lower-rated circuit breaker is mechanically 
tied to a higher-rated array circuit breaker, 
which acts only as a switch. The ground-fault 
circuit breaker trips when current between the 
grounded and grounding conductors exceeds 
its rating and forces the other circuit breaker 
to open the ungrounded conductor. 
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* Array Ground-Fault Protection with Inverter Fuse 
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Figure 11-31. Some inverters include fuses as array ground-fault protection in their DC input circuits. 
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Figure 11-32. Circuit breakers can be used for array ground-fault protection when the inverter does 
not already provide this protection. 
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Ground-Fault Circuit Interrupters. A 
ground-fault circuit interrupter (GFCI) is a 
device that opens the ungrounded and grounded 
conductors when a ground fault exceeds a cer- 
tain amount, typically 4 mA to 6 mA. It does 
this by sensing a difference between the current 
flowing out through the ungrounded conductor 
and returning through the grounded conductor. 
See Figure 11-33. For GFCI devices to func- 
tion properly, the grounded conductor must be 
properly bonded to the equipment grounding 
conductor, typically at the service equipment. 
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Figure 11-33. A ground-fault circuit interrupter 
(GFCI) senses differences between the current 
in the grounded and ungrounded conductors, 
indicating a ground fault, and opens the circuit 
in response. 


A GFCI should not be confused with array 
ground-fault protection. A GFCI device is 
used in AC branch circuits to protect persons 
from electrical shock. GFCI protection is 
often included in receptacles and is required 
in wet environments, such as bathrooms, with 
a greater potential for ground faults. Article 
210, “Branch Circuits,” provides details and 
required locations for GFCI devices. 

Some GFCI devices may not activate at 
the set fault current when used with modified 
square wave inverters, due to the way they 
sense fault currents. While some GFCI devices 
may work with these inverters, a sine wave 
inverter ensures the most reliable operation 
of GFCI devices. 


Equipment Grounding 

Equipment grounding protects personnel from 
the shock hazard of equipment enclosures and 
parts that may become energized under fault 
conditions. An equipment grounding conduc- 
tor connects all exposed equipment, raceways, 
and enclosures to the grounding electrode 
conductor at the main service enclosure. 

Equipment grounding requirements for PV 
systems are covered in Sections 690.43 and 
690.45. All exposed non-current-carrying met- 
al parts of module frames, support structures, 
enclosures, or other equipment in PV systems 
must be grounded. Equipment grounding is 
required regardless of system voltage, even 
for small 12 V or 24 V systems not otherwise 
required to have a grounded current-carrying 
conductor. Damaged PV arrays can energize 
their metal frames or support structures, but 
effective equipment grounding diverts this fault 
current safely to the ground. 

The integrity of the electrical contact 
between the module frames and a grounded 
mounting structure cannot always be assured 
with typical fasteners. This is because the 
thin anodized layer of aluminum frames and 
structures, or the corrosion of inappropriate 
materials, may prevent a good electrical con- 
nection. Specially listed and identified devices 
that provide a secure electrical connection can 
be used to bond module frames to grounded 
mounting structures or other module frames. 
Alternatively, equipment grounding can be 
accomplished with continuous runs of bare 
conductor that are secured to each module with 
a special connector. See Figure 11-34. 

When ground-fault protection is used, PV 
circuit equipment grounding conductors are 
sized in accordance with Article 250. The article 
establishes the minimum size for equipment 
grounding conductors based on the overcurrent 
protection rating for the circuit (regardless of 
whether an overcurrent protection device is actu- 
ally used). See Figure 11-35. For example, if the 
PV output circuit overcurrent protection device 
is 60 A, then a 10 AWG equipment grounding 
conductor is required. The size of the equipment 
grounding conductor may need to be increased 
for voltage drop considerations. 
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Figure 11-34. Modules should be connected 
to each other and the mounting structure with 
grounding conductors to ensure a continuous 
grounding connection. 
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Excerpted from NEC? Table 250.122. Reprinted with permission from 
NFPA 70-2008, the National Electrical Code? Copyright? 2007, 
National Fire Protection Association, Quincy, MA 02169. This reprinted 
material is not the official position of the NFPA on the referenced 
subject which is represented solely by the standard in its entirety. 


Figure 11-35. Equipment grounding conductors 
are sized based on the rating of the overcurrent 
protection device in the circuit. 
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When ground-fault protection is not used, 
the equipment grounding conductor is sized 
for twice the temperature- and conduit-fill- 
derated ampacity of the circuit's current-carrying 
conductors. For example, a source circuit with 
maximum current of 8 A requires conductors 
that can safely carry 8 A of current when de- 
rated. Therefore, this circuit would require an 
equipment grounding conductor sized for at 
least 16A (8A x2 = 16A). 

Although this ampacity could be met with 
a smaller conductor, a minimum of 14 AWG 
conductor is required for adequate mechanical 
strength. Similarly, an output circuit containing 
four of these strings in parallel would require 
an equipment grounding conductor rated for 
atleast 64 A (8A x 4x 2 = 64 A). 


Grounding Continuity 


The continuity between all grounding con- 
ductors and the grounding electrode must be 
maintained. When components are removed 
for service or replacement, other equipment or 
components may become disconnected from 
the grounding electrode conductor, causing 
a safety hazard. A bonding jumper must be 
installed to maintain grounding continuity to 
the entire system while equipment is removed. 
Both the equipment grounding system and the 
grounded conductor system must be main- 
tained with this method. This requirement also 
applies to modules and panels removed from 
an array for access or replacement. 


Ungrounded PV Systems 


In an effort to harmonize requirements in the 
United States with those in Europe, which cur- 
rently has more experience with ungrounded 
PV systems, the NEC? Section 690.35 permits 
PV arrays to have ungrounded source and 
output circuits, but only when certain condi- 
tions apply. This allowance is in addition to 
permitting PV systems operating below 50 V 
to be ungrounded. However, neither allowance 
exempts a system from equipment grounding 
requirements. 

In ungrounded systems, all source and 
output circuit conductors must be in sheathed 
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multiconductor cables, installed in conduit, 
or be listed and identified as PV wire. Both 
ungrounded array conductors (positive and 
negative) must include disconnecting means, 
overcurrent protection, and ground-fault pro- 
tection. Inverters and charge controllers used 
with ungrounded PV source circuits must be 
listed for ungrounded systems. Because of the 
additional disconnects, overcurrent protection, 
and other equipment required for ungrounded 
systems, grounded systems are usually less 
expensive and easier to install. 


The most common type of grounding electrode is a long, metal rod that is driven 
into the ground near the building. 


Lightning Protection Systems 


Lightning strikes can cause dangerous and 
damaging voltage transients. Because PV 
arrays are often mounted on elevated struc- 
tures, such as rooftops, many PV systems 
must be protected from potential lightning 
damage. Lightning protection is especially 
important in the southeastern United States, 
which experiences the highest rates of 
lighting strikes in the country. See Figure 
11-36. Lightning protection system require- 
ments are covered briefly in Article 250 and 
more extensively in NFPA 780, Standard 
for the Installation of Lightning Protection 
Systems. 

Lightning protection systems consist of 
a low-impedance network of air terminals 
(lightning rods) connected to a special 
grounding electrode system. This does not 
violate the rule mandating only one ground 
connection for the DC system since the 
lightning grounding electrode system is not 
connected to the grounded conductor. The 
system conducts any surges induced by di- 
rect or indirect lightning strikes to ground, 
safely away from the building and equip- 
ment. See Figure 11-37. 
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Figure 11-36. Lightning protection is especially important in the southeastern States, which have the 
highest lightning-strike density in the United States. 
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Figure 11-37. A lightning protection system includes a network of air terminals, a grounding electrode 
(down) conductor, and a set of grounding electrodes. 


The grounding electrodes of the lightning 
protection system must also be bonded to the 
electrical-service grounding electrode system. 
At points other than the grounding electrode, 
the effectiveness of a lightning protection 
system depends on the separation distance 
between its conductors and other conductors 
within the electrical system. 


Surge Arrestors 


A surge arrestor is a device that protects elec- 
trical devices from transients (voltage spikes). 
It does this by either limiting or shorting to 
ground all voltage above a certain threshold. A 
surge arrestor is also known as a surge suppres- 
sor or surge protector. The clamping voltage is 
the voltage at which a surge arrestor initiates 
its transient protection. For PV systems, the 


clamping voltage should be greater than the 
maximum expected open-circuit voltage so 
that the device will activate only in the event of 
an extreme voltage surge, but still low enough 
for adequate protection. 

The maximum current that the device can 
handle should be at least as great as any po- 
tential fault currents from the PV system or 
the utility system. The energy rating of a surge 
arrestor is the maximum energy-dissipating 
capability of the device. This rating is given 
in joules. Surge arrestors with higher ratings 
provide more protection. 

Article 280, “Surge Arrestors, Over 1 kV,’ 
covers installation requirements for surge arres- 
tors. Surge arrestors may be used on the AC or 
DC sides of PV systems, or both. When used 
in PV systems, surge arrestors are typically 
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connected between the positive and negative 
leads of each source circuit or between the output 
circuit and ground. 

Surge arrestors must be listed and marked 
with their ratings, and because they rely on a 
connection to ground to dissipate surges, they 
cannot be used in ungrounded systems. For 
maximum protection, surge arrestors should 
be located as close to the protected equipment 
as possible. Some components may already 
include surge arrestors, but they can be field-in- 
stalled as separate devices. See Figure 11-38. 
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Figure 11-38. Surge arrestors may be incor- 
porated into equipment or can be installed on 
circuits as separate devices. 


Varistors. A varistor is a solid-state device 
that has a high resistance at low voltages and a 
low resistance at high voltages. The term “‘va- 
ristor" is a combination of the words “variable 
resistor." Varistors are used as surge arrestors in 
many electrical circuits, including in inverters 
and charge controllers, to protect from surges 
induced on PV output circuits. When a volt- 
age above the clamping voltage is applied, the 
resistance of the varistor falls, allowing large 
currents to flow to ground. 

A varistor can handle repeated surges, but if 
asurge exceeds its energy rating, such as from a 
direct lightning strike, the device may be dam- 
aged or destroyed. Common types of varistors 
include the metal-oxide varistor (MOV) and the 
silicon-oxide varistor (SOV). MOVs may be in- 
cluded inside components, but are not available 
as separate listed devices so they are generally 


not field-serviceable. SOVs are available as 
listed or recognized components. They may be 
installed separately or inside electrical equip- 
ment such as combiner boxes and inverters. 


Transient Voltage Surge Suppressors. A 
transient voltage surge suppressor is another 
type of surge arrestor. A transient voltage 
surge suppressor (TVSS) is a surge-protective 
device that limits transient voltages by divert- 
ing or limiting surge current. This device is 
also known as a surge protective device (SPD), 
following the terminology of the NEC® and the 
UL standard that covers their testing. 

A TVSS is represented by two opposing 
Zener diodes. Under normal conditions, the 
TVSS maintains a high resistance. When a 
transient voltage is encountered, the Zener 
diodes exhibit a controlled breakdown that al- 
lows excess current to flow to ground. TVSS 
devices are used similarly to varistors in elec- 
trical circuits, including PV systems. Article 
285, “Surge-Protective Devices (SPDs), 1 kV 
or Less,” addresses requirements for TVSS 
installation. 


BATTERY SYSTEMS 


General information about the installation of 
battery systems is included in Article 480, 
"Storage Batteries.” Requirements for the in- 
terconnection of batteries and charge control 
in PV systems are covered in Article 690, Part 
VIII. Many requirements depend on the size 
of the battery bank, which is quantified by its 
nominal operating voltage. 


Battery Banks Less Than 50V 


Residential PV-system battery banks are limited 
to less than 50 V nominal, or no more than 24 
series-connected, 2 V lead-acid cells (which are 
actually 48 V nominal). All live battery parts 
must be guarded in accordance with Article 
110, “Requirements for Electrical Instalia- 
tions.” Whenever the available short-circuit 
current in a battery system exceeds the ratings of 
other equipment in that circuit, current-limiting 
overcurrent protection devices are required. 


Battery Banks Greater Than 50 V 


Battery systems of greater than 48 V must 
include a disconnect to divide the system into 
segments of 48 V or less for maintenance. 
There must also be a main disconnect for the 
entire battery bank that is accessible to quali- 
fied persons only. This disconnect must open 
the grounded conductor in the battery circuit, 
but not any other grounded conductors from 
other parts of the system. A bolted or plug-in 
nonload break switch may be used for this 
purpose. See Figure 11-39. 


* Battery Bank Disconnects 


Figure 11-39. Connectors may be used for 
disconnecting high-voltage battery banks for 
servicing. 


Battery systems greater than 48 V may 
operate with ungrounded conductors, pro- 
vided the PV source and output circuits are 
grounded, all AC and DC load circuits are 
grounded, the ungrounded battery conductors 
have overcurrent protection and disconnect 
means, and a ground-fault detector and indica- 
tor is installed to monitor battery bank faults. 

Flooded, lead-acid batteries in these battery 
banks may not have conductive cases or be 
installed on metal racks that come within 6" 
of the tops of the cases. This is bccause ground 
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faults have been attributed to battery systems 
with higher voltages when an electrolyte film 
accumulates on the tops of flooded batteries 
and creates short circuits between the battery 
terminals and grounded cases or racks. This 
requirement does not apply to any type of 
sealed battery. 


Charge Control 


PV systems with batteries must also include 
some method of controlling the charge 
applied to the batteries. In the case of self- 
regulated systems, charge control is accom- 
plished through careful sizing and matching 
of the array to the battery bank. Most systems, 
however, which have a potential charging 
current greater than C/33 (3% of the battery 
capacity per hour), must include an active 
means of charge control. Charge controllers 
may be a separate component, or charge con- 
trol features may be included with inverters in 
power conditioning units. 

Diversion loads are commonly used for 
charge control and must be appropriately rated 
for this application. The load's voltage rating 
must be greater than the maximum battery 
voltage, the current rating must be less than 
or equal to the charge controller's current 
rating, and the power rating must be at least 
15096 of the array's power rating. The conduc- 
tors and overcurrent protection devices in the 
diversion-load circuit must be sized for 150% 
of the maximum current rating of the charge 
controller. 

Even when diversionary charge controllers 
are used, an additional independent means of 
charge control must be provided as a backup. 
This is because the 10046 availability of the 
diversion load cannot be guaranteed and the 
batteries must always be protected from po- 
tential overcharge. 
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e The majority of the regulations governing electrical installations, including PV systems, are found in NFPA 
70: National Electrical Code? (NEC9) 


e Improper electrical integration can have significant consequences, including poor performance, component 
damage, and electrical shock hazards. 


e Article 690 addresses requirements for all PV installations covered under the scope of the NEC®. 


e Maximum system voltages and currents must be calculated because they affect the sizing and ratings for 
conductors, overcurrent protection devices, disconnects, and grounding equipment. 


e Since temperature affects the voltage output of PV devices, the maximum possible voltage is the array's 
open-circuit voltage at the lowest expected temperature for the location. 


e For PV source circuits, the maximum current is 125% of the sum of the short-circuit current ratings of 
parallel-connected modules. 


e Conductor size is chosen to be the smallest size that safely conducts the maximum continuous current of a 
circuit with the appropriate margin of safety. Voltage drop may further increase required conductor size. 


e Nominal conductor ampacity at 30°C is determined by the conductor material (copper or aluminum), size, 
insulation type, and application (direct burial, conduit, or free air). 


e The insulating material defines three critical properties for a conductor: its maximum operating temperature; 
its application and environmental resistance such as to sunlight, oil, or moisture; and its permissible instal- 
lation locations such as direct burial, in conduit, or exposed. 


e A variety of connectors, terminals, splices, and lugs may be used for field-installed PV system wiring, as long 
as they are appropriate and rated for the application, such as for conductor material, size, and environment. 


* The NEC? does not require a specific design for use in DC branch circuits, but allows any that conform to 
three requirements: the plugs and receptacles must be listed for DC power with a rating of at least 15 A, 
must have a separate equipment-grounding terminal, and must be different from any other receptacles used 
on the premises. 


* Most PV modules include a plastic junction box attached to the back surface. The junction box contains the 
module's electrical terminals and often the bypass diodes. 


e Combiner boxes are used to combine parallel array source circuits into the PV output circuit. These boxes 
typically include terminal blocks, fuses, and fuse holders. 


e Most PV system conductors are installed in conduit. However, source-circuit and output-circuit conductors 
are required to be in conduit only when installed in a readily accessible location and their maximum circuit 
voltages are greater than 30 V. 


e A circuit breaker can be used to satisfy both the overcurrent protection and disconnect requirements in some 
parts of a PV system. 


e The current rating of an overcurrent protection device depends on the ampacity of the circuit conductors. The 
overcurrent protection device rating required for PV circuits is 12596 of the calculated maximum circuit current. 


* In most systems, every ungrounded conductor must include overcurrent protection. There are only a few 
exceptions, which primarily apply to PV source and output circuits. 


* Disconnects are required for both the AC and DC sides of a PV system. Disconnects are also required to 
isolate other power sources, such as batteries, and may be included at additional points to facilitate system 
testing or maintenance. 
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e A PV power source operating over 50 V must have one grounded conductor, with the exception of ungrounded 
systems meeting other special requirements. 


e Grounding electrode system requirements for PV systems cover three specific grounding cases: AC systems, 
DC systems, or a combination of both. 


e Since the DC grounded conductor is not directly connected to the AC grounded conductor, they are considered 
separate systems. These two grounding systems must be bonded together. 


e In order to maintain uniform grounding throughout the entire system, an additional and separate grounding 
electrode is required at the array location if the array grounding electrode would be more than 6' from the 
premises wiring electrode. 


e Mostarrays are required to include ground-fault protection, which must detect a ground fault in the PV output 
circuit, interrupt the flow of fault current, and provide an indication of the fault. 


e Equipment grounding protects personnel from the shock hazard of equipment enclosures and parts that may 
become energized under fault conditions. 


e Specially listed and identified devices that provide a secure electrical connection can be used to bond module 
frames to grounded mounting structures or other module frames. 


e Because PV arrays are often mounted on elevated structures, such as rooftops, many PV systems must be 
protected from potential lightning damage. 


e Residential PV-system battery banks are limited to less than 50 V nominal, or no more than 24 series- 
connected, 2 V lead-acid cells (which are actually 48 V nominal). 


e PV systems with batteries must also include some method of controlling the charge applied to the batteries. 


Definitions 


e A PV power source is an array or collection of arrays that generates DC power. 


e A PV source circuit is the circuit connecting a group of modules together and to the common connection 
point of the DC system. 


e A PV output circuit is the circuit connecting the PV power source to the rest of the system. 


e Ampacity is the current that a conductor can carry continuously under the conditions of use without ex- 
ceeding its temperature rating. 


e Ajunction box is a protective enclosure used to terminate, combine, and connect various circuits or com- 
ponents together. 


e Acombiner box is a junction box used as the parallel connection point for two or more circuits. 
e A blocking diode is a diode used in PV source circuits to prevent reverse current flow. 
e A bypass diode is a diode used to pass current around, rather than through, a group of PV cells. 


e An overcurrent protection device is a device that prevents conductors or devices from reaching excessively 
high temperatures due to very high currents by opening the circuit. 


e A fuse is a metallic link that melts when heated by current greater than its rating, opening the circuit and 
providing overcurrent protection. 
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A circuit breaker is an electrical switch that automatically opens as a means of overcurrent protection, and 
that can be manually opened as a disconnecting means. 


The interrupting rating is the maximum current that an overcurrent protection device is able to stop without 
being destroyed or causing an electric arc. 


A supplementary overcurrent protection device is an overcurrent protection device intended to protect an 
individual component and is used in addition to a current-limiting branch circuit overcurrent protection 
device. 


A back-fed circuit breaker is a circuit breaker that allows current flow in either direction. 


A disconnect is a device used to isolate equipment and conductors from sources of electricity for the purpose 
of installation, maintenance, or service. 


Grounded is the condition of something that is connected to the earth or to a conductive material that is 
connected to the earth. 


A grounding electrode is a conductive rod, plate, or wire buried in the ground to provide a low-resistance 
connection to the earth. 


A grounding electrode conductor (GEC) is a conductor connecting the grounding electrode to the rest of 
the electrical grounding system. 


A grounded conductor is a current-carrying conductor that is intentionally grounded. 


The equipment grounding conductor (EGC) is a conductor connecting exposed metallic equipment, which 
might inadvertently become energized, to the grounding electrode conductor. 


An ungrounded conductor is a current-carrying conductor that has no connection to ground. 
A ground fault is the undesirable condition of current flowing through the grounding conductor. 
Ground-fault protection is the automatic opening of conductors involved in a ground fault. 


A ground-fault circuit interrupter (GFCI) is a device that opens the ungrounded and grounded conductors 
when a ground fault exceeds a certain amount, typically 4 mA to 6 mA. 


A surge arrestor is a device that protects electrical devices from transients (voltage spikes). 
The clamping voltage is the voltage at which a surge arrestor initiates its transient protection. 
A varistor is a solid-state device that has a high resistance at low voltages and a low resistance at high voltages. 


A transient voltage surge suppressor (TVSS) is a surge-protective device that limits transient voltages by 
diverting or limiting surge current. 
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Review Questions 


. How do Article 690 and other NEC? articles apply to the planning and installing of a PV system? 


. What maximum voltage and current calculations are required by the NEC? and how are they used? 


What factors affect conductor ampacity? 


List ways in which voltage drop in the PV output circuit can be reduced. 


. What are the requirements for conductors used in source-current wiring? 


. What are the requirements for plugs and receptacles used for DC branch circuits? 


Explain the two most common applications for junction boxes in PV systems. 
What are the differences between blocking diodes and bypass diodes? 


How are conductors and overcurrent protection in array circuits sized in relation to short-circuit currents? 


. Which PV-system circuits require overcurrent protection and which conductors must be protected? 

. How are supplementary overcurrent protection devices used in PV circuits? 

. Which PV-system circuits require disconnects? 

. Describe the two acceptable methods of grounding a PV system that includes both AC and DC circuits. 
. Under what circumstances may the DC circuits in a PV system be ungrounded? 


. When does a PV system with batteries require active means of charge control? 


Chapter Objectives 
e Compare the differences in the interconnection of rotating generators and electronic inverters. 

e Identify the applicable codes and standards for utility interconnection. 

+ Describe how interconnected PV systems can affect utility operations. 

© Differentiate between load-side and supply-side interconnections and identify the code and installation 


requirements for each type. 
* Compare the technical and policy issues between net metering and dual metering. 


e Identify the common issues addressed in interconnection agreements for PV systems. 
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DISTRIBUTED GENERATION Distributed generation is an increasingly 


common supplement to traditional central 
power generation. This arrangement increases 
the diversity and security of the electrical en- 
ergy supply and benefits both customers and 
electric utilities. For customers, these systems 
provide power to on-site loads and some pro- 
vide back-up in the event of a utility outage. 
For utilities, the additional power sources sup- 
plying their excess power to the grid increase 
the utility's capacity to serve customers with- 
out building new power plants. 

Accordingly, a great deal of attention is 
focused on interconnecting these power re- 
sources. However, there are technical, proce- 
dural, and contractual requirements to making 
interconnections that are safe and reliable and 
that do not adversely impact the rest of the 
electricity distribution system. 


Distributed generation is a system in which 
many smaller power-generating systems create 
electrical power near the point of consumption. 
Operating these systems in parallel with the 
utility's distribution grid makes these systems 
interactive. See Figure 12-1. 


Many distributed-generation technologies 
can be interconnected to the utility grid, includ- 
ing engine generators, fuel cells, wind turbines, 
micro-hydroelectric turbines, and, of course, 
PV systems. Distributed-generation technolo- 
gies are also classified by the way AC power 
is generated, either with rotating generators or 
with electronic inverters. This has important 
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Figure 12-1. With distributed generation, utility customers are served by both the centralized power 
plants and the power exported from interconnected distributed generators. 


Generators 


Most electrical power is produced by rotating 
generators that are mechanically driven. The 
mechanical energy is produced by engines or 
by turbines driven by steam, wind, or water. 

Current is induced in a conductor as it 
moves through a magnetic field. If the move- 
ment is from rotation, the current varies 
sinusoidally, producing AC power. If a set of 
coils rotates through a stationary magnetic 
field, the design 1s known as a generator. 
With three sets of equally-spaced coils, three- 
phase power is produced. See Figure 12-2. 
Alternatively, a design with a magnetic field 
rotating around a set of stationary coils pro- 
duces the same output. The resulting voltage 
is proportional to the strength of the magnetic 
field, and the frequency is proportional to the 
rotational speed. 
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Figure 12-2. Most power is generated by rotating 
generators, which require precise interconnection 
procedures to avoid damage to the equipment 
and the utility. 
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The electric utility system consists of 
hundreds or thousands of interconnected gen- 
erators operating in parallel. These generators 
must all be synchronized with one another to 
prevent damaging themselves or the intercon- 
nection interfaces. Synchronizing 1s the process 
of connecting a generator to an energized 
electrical system. Synchronizing is extremely 
critical and involves precisely matching the 
phase sequence, frequency, and voltage of the 
generator to the rest of the electrical system 
before they are connected. 

The electric utility system must also 
maintain a critical balance between load and 
generation. If generation exceeds the load on 
the utility system, the frequency of the system 
increases. Conversely, if the load exceeds the 
generation, frequency decreases. Frequency is 
one of the most important utility parameters be- 
cause it establishes the speed for devices using 
motors, including some clocks. In North Amer- 
ica, it must be maintained at exactly 60 Hz. 
Frequency control is established by varying 
power generation to match the load. 

Other parameters are also constantly moni- 
tored for variations, which requires external 
sensors and controls. If the interface param- 
eters go beyond acceptable limits, the controls 
automatically disconnect the generator from 
the utility system. 


Inverters 


Solid-state electronic inverters are substan- 
tially different from generators in the way 
they operate, which has important impli- 
cations for connecting them to the utility 
system. Solid-state inverters use electronic 
switching elements to produce AC power, so 
they have no moving parts. 

Generators act like a voltage source, while 
interactive inverters act like a current source. 
Generators can operate independently of the 
grid and produce high fault currents. Invert- 
ers feed much less current into a fault and 
are less capable of supporting an islanded 
electrical power system. However, unlike 
generators, inverters cannot act as loads 
and consume power from other generators 
or inverters. 
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Inverters are also loaded differently than 
generators. Since the sun cannot be turned ON 
and OFF, most interactive PV inverters initially 
load the array at its open-circuit voltage where 
it produces no power. Once loaded, the inverter 
decreases the array operating voltage to the 
maximum power voltage. Maximum power 
point tracking (MPPT) electronics then con- 
tinually make adjustments to the array operat- 
ing voltage to maximize output. Power output 
is limited by the capacity of the PV array, the 
inverter output rating, and temperature. 

For interactive inverters, synchronizing 
functions are performed automatically and 
internally. Since inverters have the ability to 
monitor and regulate system output directly 
through microprocessor controls, synchroniz- 
ing can be done cost-effectively and directly. 
Inverters can also incorporate additional pro- 
tective and safety features that may otherwise 
be required as external equipment on genera- 
tors. Since the interactive inverter is the pri- 
mary utility interface device, it must meet all 
requirements for utility interconnection and be 
listed and identified for use in interactive PV 
systems. See Figure 12-3. 


Inverters can be stand-alone, interactive, or bimodal types. 
There is no special type for use in hybrid systems, as it is not 


possible for most inverters to interconnect multiple sources. 
Instead, multiple separate inverters are used when necessary. 


Interactive-Only Systems. The most common 
type of interactive PV system is one that does 
not use energy storage. The array is connected 
to the DC input of an interactive-only inverter. 
The inverter output interfaces with the utility, 
typically at a site distribution panel or electri- 
cal service entrance. See Figure 12-4. 

Power can flow in both directions at the 
point of service, making the PV system a 
supplementary generation source operating 
on the electric utility network. When on-site 
power demand exceeds the supply from the 
PV system, supplementary power is drawn 
from the utility. If the PV array produces more 
power than is needed on-site, the excess power 
is fed to the grid. 
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Figure 12-3. /nverters must be identified as in- 
teractive and listed to required standards before 
being interconnected. 


Bimodal Systems. Bimodal systems are interac- 
tive systems that include battery storage, so they 
can operate in either interactive or stand-alone 
mode, providing a back-up power supply for 
critical loads such as computers, refrigeration, 
water pumps, or lighting. Unlike interactive- 
only inverters, the DC input of the inverter is 
connected to the battery bank, not the array. 
The array charges the battery bank, through the 
charge controller. See Figure 12-5. 

Under normal circumstances, bimodal 
systems operate in interactive mode. The in- 
verters serve the on-site loads or send excess 
power back to the grid while the array keeps 
the battery bank fully charged. If the grid 
de-energizes, control circuitry in the inverter 
opens the connection with the utility and draws 
power from the batteries to supply an isolated 
subpanel, typically for critical loads. 
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Figure 12-4. Interactive-only systems are the simplest way to interconnect a PV system with the utility. 
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Figure 12-5. The inverters in bimodal systems can continue to supply power to certain loads in the event of a utility outage. 


For servicing the system without inter- Bimodal systems with battery storage can 
rupting the load operation, a manual transfer also be employed to manage and optimize 
switch and bypass circuit can isolate the PV utility energy use by utility customers that are 
array, battery, and inverter from the system billed using time-of-use electric rates, or those 


and directly connect the subpanel loads to the that incur demand charges for peak power use. 
utility supply. Bimodal inverters are programmed to supply 
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electrical loads with energy from the battery 
and PV generation during peak times, mini- 
mizing the use of high-priced utility energy. 
During off-peak times, less-expensive utility 
energy powers system loads and charges the 
battery system. 


Interconnection Codes and Standards 


In the United States, the technical require- 
ments for PV systems are established through 
national codes and standards published by 
the Institute of Electrical and Electronics 
Engineers (IEEE), Underwriters Laboratories 
(UL), and the National Fire Protection As- 
sociation (NFPA). These organizations work 
collectively to ensure electrical equipment and 
installations are safe, through the combination 
of standards, equipment testing and certifica- 
tion, and enforceable codes. As a PV system 
is an electrical system, any general electrical 
codes and standards apply, such as the National 
Electrical Code®. Additional standards dealing 
specifically with the interconnection of PV 
systems also apply. See Figure 12-6. 
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DOCUMENT NUMBER 


IEEE 929. ANSI/IEEE 929-2000, Recom- 
mended Practice for Utility Interface of 
Photovoltaic (PV) Systems provided uniform 
interconnection requirements widely accepted 
by many utilities and jurisdictions, and rec- 
ommended no additional requirements for 
small PV systems of 10 kW and less. IEEE 
929 is no longer an active standard, but its 
requirements have been incorporated into the 
current standard ANSI/IEEE 1547. 

IEEE 929 was important to the early his- 
tory of PV systems because it established 
requirements for power quality and safety 
features for interactive inverters. Power 
quality requirements included specifications 
for service voltage, frequency, harmonic 
distortion, and power factor. Safety features 
included anti-islanding, reconnection to the 
utility service after an interruption, and re- 
sponses to abnormal utility conditions, such 
as voltage and frequency disturbances. It also 
provided guidance on DC isolation, ground- 
ing, and manual disconnects. These and other 
requirements have been incorporated into 
IEEE 1547. 


. Recommended Practice for Utility Interface of Photovoltaic (PV) Systems — "— 


Standard for Interconnecting Distributed Resources with Electric Power Systems 


Standard Conformance Test Procedures for Equipment Interconnecting Distributed 


Inverters, Converters, Controllers, and Interconnection System Equipment 


IEEE 929* 
IEEE 15¢7 Standard 
ed Resources with Electric Power Systems 
SERENE Nie ae Distributed Resources with Electric Power Systems 
B Ne R esources Interconnected with Electric Power Systems 
BEE P1547.4 Island Systems with Electric Power Systems 
es Dd Greater than 10 MVA to the Power fransmission Grid 
gene PSone Electric Power Systems Distribution Secondary Networks 
ge Um Wiener 
n UM _for Use with Distributed Energy Resources 
NEC? Article 690 Solar Photovoltaic Systems 


* IEEE 929 is no longer active and has been replaced by IEEE 1547. 


Figure 12-6. Several codes and standards address specific interconnection issues with PV systems. 
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IEEE 1547. ANSIIEEE 1547-2003, Standard 
for Interconnecting Distributed Resources with 
Electric Power Systems, is a broader intercon- 
nection standard addressing requirements for 
all types of distributed power sources, includ- 
ing PV systems, fuel cells, wind turbines, 
engine generators, and large combustion tur- 
bines. It establishes requirements for testing, 
performance, maintenance, and safety of inter- 
connections, as well as responses to abnormal 
events, islanding, and power quality. 

The focus of IEEE 1547 1s on distributed- 
generation resources with capacities of less 
than 10 MW that are interconnected to the 
electrical utility system at typical primary or 
secondary distribution voltages. The standard 
provides universal requirements to help ensure 
safe and technically sound interconnections. It 
does not address limitations or impacts on the 
utility system in terms of energy supply, nor 
does it deal with procedural or contractual is- 
sues associated with the interconnection. 

IEEE 1547 is actually a family of standards, 
guides, and recommended practices. While 
IEEE 1547 addresses core issues regarding 
interconnection, specific technical issues are 
addressed in the IEEE 1547.X series. 

IEEE 1547.1-2005, Standard Conformance 
Test Procedures for Equipment Intercon- 
necting Distributed Resources with Electric 
Power Systems, specifies commissioning tests 
that shall be performed to demonstrate that 
the equipment and operation of distributed 
power sources conforms to IEEE 1547. In 
particular, emphasis is placed on anti-islanding 
protection. 

IEEE 1547.2-2008, Application Guide for 
IEEE Standard 1547, Standard for Intercon- 
necting Distributed Resources with Electric 
Power Systems, provides technical background 
and application details to support the under- 
standing of IEEE 1547. It characterizes the 
various distributed-generation technologies 
and their associated interconnection issues and 


Power Systems, facilitates the interoperability 
of one or more distributed-generation resources 
interconnected with electric power systems. 

IEEE P1547.4, Draft Guide for Design, 
Operation, and Integration of Distributed 
Resource Island Systems with Electric Power 
Systems, provides alternative approaches and 
practices for the interconnection of distributed- 
generation systems that also provide critical 
load backup (bimodal systems). It includes 
provisions to separate from and reconnect to 
an area electric power system while providing 
power to the islanded local power system. 

IEEE P1547.5, Draft Technical Guidelines 
for Interconnection of Electric Power Sources 
Greater than 10 MVA to the Power Transmis- 
sion Grid, provides guidelines for intercon- 
necting utility-scale power sources to a bulk 
power transmission grid. 

IEEE P1547.6, Draft Recommended Prac- 
tice for Interconnecting Distributed Resources 
with Electric Power Systems Distribution 
Secondary Networks, provides guidance on 
technical issues associated with the intercon- 
nection of distributed-generation systems, in- 
cluding recommendations for the performance, 
operation, testing, safety considerations, and 
maintenance of the interconnection. Con- 
sideration is given to the needs of the local 
utility to be able to provide enhanced service 
to site loads as well as to other loads served 
by the grid. 

IEEE P1547.7, Draft Guide to Conducting 
Distribution Impact Studies for Distributed 
Resource Interconnection, provides criteria 
and scope for engineering studies regard- 
ing the impact of interconnected distributed 
power sources to an area electric power dis- 
tribution system. This guide facilitates a 
methodology for when such impact studies 
are appropriate, what data is required, how 
the studies are performed, and how the study 
results are evaluated. 


The IEEE 1547 base standard, and the related 1547.1, 
1547.2, and 1547.3 standards, are approved and published 
documents. The 1547.4 through 1547.7 standards are still 


discusses the background and rationale of the 
technical requirements. 

IEEE 1547.3-2007, Guide for Monitoring, 
Information Exchange, and Control of Distrib- 
uted Resources Interconnected with Electric 


in development, designated by the letter "P" before their 
numbers and the word “Draft” in their names. 
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UL 1741. UL 1741-2005, Inverters, Convert- 
ers, Controllers, and Interconnection System 
Equipment for Use with Distributed Energy 
Resources, addresses requirements for distrib- 
uted-generation equipment, including inverters 
and charge controllers, and for the utility inter- 
face. The standard is intended to supplement 
IEEE 1547 and IEEE 1547.1. The products 
covered by these requirements are intended 
to be installed in accordance with the NEC? 
and NFPA 70E. 


NEC? Article 690. The NEC? Article 690, 
"Solar Photovoltaic Systems" covers installa- 
tion requirements for all types of PV systems. 
In particular, Part VII of Article 690 addresses 
the requirements for connecting interactive PV 
systems to other power sources, such as the 
electric utility grid. Many of these require- 
ments are based on equipment standards and 
listing requirements for interactive inverters 
under UL 1741. 

Article 690 includes several fundamental 
requirements for interactive inverters. First, 
inverters must be listed and identified for 
interactive operation. This information must 
be included on the inverter nameplate or 
label. Also, inverters must be anti-islanding, 
or capable of disconnecting from the utility 
grid when grid voltage is lost. The PV system 
must remain disconnected until grid voltage 
is restored. 


Large-scale systems owned and operated by the electric 
utility and connected to the utility's own distribution substa- 
tions often are not always subject to the same requirements 


for installation and interconnection as residential and com- 
mercial interactive systems. 


Interconnection Concerns 


Electric utilities have legitimate concerns 
about connecting distributed-generation 
equipment to their grid system. For one, the 
electric utility distribution system was not 
designed to handle many distributed power 
sources. For example, many utility service 
meters are not designed to monitor two-way 
power flow. Also, because utilities do not 


operate, control, or maintain customer-owned 
distributed-generation equipment connected 
to their system, there are concerns about the 
impact it may have on safety and the reliability 
of utility service to other customers. 


Islanding. /slanding is the undesirable con- 
dition where a distributed-generation power 
source, such as a PV system, continues to 
transfer power to the utility grid during a utility 
outage. See Figure 12-7. Islanding is a serious 
safety hazard for utility lineworkers working to 
restore power after an outage. Since the work- 
ers expect the grid to be de-energized, they may 
be shocked by the power present in the system 
from an islanding inverter. Also, islanding can 
damage utility equipment by interfering with 
the utility's normal procedures for restoring 
service following an outage, primarily because 
the islanded electrical system is no longer in- 
phase with the utility system. 

All utility-interactive inverters must be able 
to detect power outages and discontinue trans- 
fer of power until the utility system returns to 
normal operation. This precaution is evaluated 
under UL 1741 as part of the equipment listing. 
Inverters meeting this standard are often referred 
to as "non-islanding" or “anti-islanding” inter- 
active inverters. As an added precaution against 
islanding, utilities may also require easily acces- 
sible outdoor switches to physically disconnect 
interactive PV systems. Bimodal systems may 
continue operating in stand-alone mode if com- 
pletely disconnected from the utility. 


Power Quality. Power quality encompasses 
the voltage, frequency, harmonic distortion, 
power factor, DC injection, voltage flicker, and 
noise on the utility system. Power quality is 
influenced by the performance of the electrical 
generation and distribution equipment, as well 
as electrical loads operating on the system. 

Power quality is among a utility's chief 
concerns for interconnected distributed- 
generation equipment. Because electrical 
loads are designed to operate at prescribed 
conditions, the electric utility system must 
be maintained within stringent power quality 
limits. Otherwise, poor performance or even 
damage to electrical loads and utility system 
equipment may result. 
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Figure 12-7. During a utility outage, an islanding inverter can energize the utility lines around the PV 
system, potentially damaging equipment and creating a serious safety hazard. 


Utilities routinely test and monitor their 
generation, transmission, and distribution 
equipment for performance and power quality. 
Correspondingly, utilities also require assur- 
ances that interactive distributed-generation 
systems are operating within these limits and 
do not adversely affect the quality of utility 
service to other customers. 


Neutral Loading. Inverter and utility service 
types must be matched to prevent overloading. 
If a two-wire, single-phase inverter is con- 
nected to the neutral and one of the ungrounded 
conductors of a split-phase 120/240 V service 
or a three-phase, wye-connected service, the 
return current on the neutral (grounded) con- 
ductor will not balance and may overload the 
conductor. See Figure 12-8. Therefore, the 
neutral conductor must be oversized. NEC? 
Section 690.62 requires that the sum of the 
maximum load between the neutral and un- 
grounded conductor and the inverter's current 
output rating must not exceed the ampacity of 
the neutral conductor. Some inverters avoid 
this problem with two ungrounded outputs. Al- 
ternatively, multiple inverters can be installed, 
one for each ungrounded conductor. 


Unbalanced Phases. Section 690.63 does not 
allow the connection of single-phase interac- 
tive PV inverters to three-phase power systems 


unless the interconnection can be designed to 
minimize unbalanced voltages between the 
phases. See Figure 12-9. One option would be 
to use three small inverters and connect each 
inverter to a different phase. A better solution 
would be to use a single three-phase inverter. 
With a three-phase inverter, all phases must au- 
tomatically de-energize when voltage becomes 
unbalanced or any phase is lost completely. 
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Figure 12-8. When a single-phase inverter 
is added to a system with more than one un- 
grounded (hot) conductor, the neutral conductor 
can become overloaded. 
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* Unbalanced Phases _ 
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Figure 12-9. Adding single-phase output from 
an interactive inverter to a three-phase power 
system can result in unbalanced voltages be- 
tween the phases. 


Point of Connection 

The point of connection is the location at which 
an interactive distributed-generation system 
makes its interconnection with the electric 
utility system. Power flow between the utility 
and distribution system may occur in both 
directions at the service connection, so all the 
service equipment must be sized and rated to 
allow this. 

Section 690.64 permits the output of inter- 
active PV inverters to be connected to either 
the load side (customer side) or supply side 
(utility side) of the service disconnect. See 
Figure 12-10. For many smaller systems, the 
point of connection is usually made on the 
load side, usually at a circuit breaker in the 
distribution panel. When the requirements for 
a load-side connection are not possible (such 
as due to the size of the PV system), interac- 
tive systems may be connected to the supply 
side. In cases of very large PV installations, 
existing service conductor ampacity may not 
be sufficient and separate services may need 
to be installed. 


Load-Side Interconnections. Many small 
interactive PV systems are interconnected on 
the load side of the main service disconnect at 
a customer's facility. The NEC? permits load- 
side connections at any distribution equipment 
on the premises, providing the following seven 
conditions are satisfied: 
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Figure 12-10. /nteractive inverters can be con- 
nected to either the load side or the supply side 
of the main service disconnect. 


1. Each source interconnection must be 
made at a dedicated circuit breaker or 
fused disconnect. See Figure 12-11. 
Multiple inverters are considered mul- 
tiple sources. Each requires a dedicated 
interconnection device, unless their out- 
puts are first combined at a subpanel. 


2. The sum of the ratings of overcurrent pro- 
tection devices in all circuits supplying 
power to a busbar or conductor must not 
exceed 120% of the rating of the busbar 
or conductor. This prevents potential 
overload conditions from occurring at 
the point of connection. 
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Figure 12-11. /nterconnection on the load side of 
the service disconnect is done through back-fed 
circuit breakers. 
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This limit applies only to the breakers for 
power sources, which are the main utility- 
fed circuit breakers and any back-fed 
circuit breakers from PV systems that 
supply power to the busbar. It does not 
include load circuit breakers. 


For example, consider a 200 A distribu- 
tion panel with a main circuit breaker and 
busbar rated at 200 A. The sum of the 
ratings for devices supplying power is al- 
lowed to be 120% of the busbar rating, or 
240 A (200 A x 120% = 240 A). Since the 
panel busbar is already fed with a 200 A 
circuit breaker, additional circuit breakers 
with ampere ratings totaling up to 40 A 
are permitted to supply power from a PV 
system. Alternatively, if the busbar rating 
were 225 A and the main circuit breaker 
rating were 200 A, then the PV system's 
back-fed breakers could have a total rating 
of up to 70 A. 


. Theinterconnection point must be on the 
supply side of all ground-fault protection 
equipment. This requirement prevents po- 
tential damage to, or improper operation 
of, ground-fault protection equipment. 
An exception is allowed for connection 
to the load side of ground-fault protec- 
tion equipment that is protected from all 
ground-fault current sources. 


. All panels with more than one source of 
power must be marked showing all sourc- 
es of power. This labeling is required to 
alert maintenance and service personnel 
to the presence of multiple power supply 


6. Dedicated circuit breakers back-fed from 
listed utility-interactive inverters are not 
required to be individually clamped to 
the panelboard busbars with additional 
fasteners. 


7. Aback-fed circuit breaker in a panelboard 
shall be positioned at the opposite (load) 
end from the main circuit location. See 
Figure 12-12. A permanent warning label 
must be applied by the back-fed breaker 
with the following or equivalent mark- 
ing: “WARNING: INVERTER OUTPUT 
CONNECTION, DO NOT RELOCATE 
THIS OVERCURRENT DEVICE." 

Bimodal systems present special issues in 
meeting these requirements because many of 
these inverters are capable of delivering 60 A 
continuously. Although the inverter may 
be rated for 60 A continuous, the external 
conductors and circuit breaker must be able 
to handle 125% of this current continuously. 
This requires an 80 A circuit breaker and 
conductors sized to handle 75 A. (Reducing 
the inverter output current to 48 A may allow 
the use of equipment rated at 60 A, but this 
would also reduce the peak output capability 
of the inverter.) 
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Figure 12-12. Back-fed circuit breakers are circuit breakers on the 
load side of the main service disconnect that supply PV power to the 
busbar. 
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The capacity of existing service and distribution equipment limits the size of PV systems that 
can be interconnected to the load side of a utility service without modifications. For example, 
a 2500 W, 240 V inverter has a rated current output of 10.4 A. Overcurrent protection must 
be sized for 125% of the inverter's rated output, yielding 13 A. This value is rounded up to 
the next available overcurrent protection device size of 15 A. Since a common panel with a 
200 A busbar and 200 A main circuit breaker is limited to 40 A of additional back-fed circuit 
breakers, the interconnection at this panel is limited to only two of these inverters. 


Inverter Subpanels 

To increase the allowable PV system capacity, a subpanel can be installed that feeds into a 
Single 40 A circuit breaker on the main panel. The subpanel can accommodate three invert- 
ers with three 15 A circuit breakers. The system is sized correctly, because the overcurrent 
protection device rating for each inverter is actually 13 A, and the total is 39 A (3 x 13A = 
39 A). An additional 40 A circuit breaker protects the entire subpanel. 

The subpanel rating is sized based on the total ampacity of circuit breakers supplying 
this panel and the application, which is 85 A ([15 A x 3] + 40 A = 85 A). Since panels are 
permitted to be supplied with circuit breaker ampacities at 120% of the busbar rating, this 
panel would need to be sized for at least 71 A (85 A + 120% = 71 A). This would still require 
a standard 100 A panel. 
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Panel Ratings 


Another, though often impractical, method of increasing the limit for additional back-fed 
circuit breakers is to decrease the rating of the main panel utility service circuit breaker. 
For example, reducing the main circuit breaker rating from 200 A to 175 A would allow 
for an additional 25 A of back-fed circuit breakers. However, this approach limits the utility 
supply to the panel and may cause nuisance circuit breaker trips or violate the original 
panel load calculations. 

A better solution would be to install a panel with a higher-rated busbar and a downsized 
main circuit breaker. For example, if a 320 A rated panel (busbar) with a 200 A main circuit 
breaker were installed, the allowable additional back-fed circuit breakers would be 184A 
([320 A x 120%] — 200 A = 184 A). When panel modifications become impractical to meet 
this requirement, a supply-side connection may be used. 


—————— 
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Also, a 60 A back-fed circuit breaker 
requires a panelboard rated to at least 300 A 
to meet the second requirement. Residential 
panels rated above 300 A are available but 
uncommon. For these reasons, a supply-side 
interconnection might be a more practical 
alternative. 


Supply-Side Interconnections. When PV 
systems are too large to interconnect on the 
load side, due to the capacity of the distribu- 
tion equipment, a supply side interconnection 
must be used. The supply-side connection 
of interactive PV systems requires adding 
another service in parallel with an existing 
service disconnect. Accordingly, the rules 
for service entrance equipment apply to this 
connection. The equipment must be rated as 
service equipment and the existing service 
conductors must be rated for the additional 
PV system output. The interconnection 
requires tapping the service entrance con- 
ductors, which is usually done between the 
existing main service disconnect and meter 
socket. Service entrance equipment is avail- 
able that splits the incoming service into 
individual services, which can be used for this 
purpose. Alternatively, the connection can be 
made at a new meter, which would constitute 
a new service. 

The NEC? requires this new service to 
have disconnects and overcurrent protection 
as described in Article 230, “Services.” See 
Figure 12-13. A service-rated circuit breaker 
or fused disconnect meets these requirements 
and may also satisfy a utility's requirement 
for an accessible, lockable safety disconnect 
that clearly indicates open status. Because a 
service disconnect with at least a 60 A rating 
must be used (per Article 230), even for lower- 
output-rated PV systems, smaller fuses and 
adapters may be required. Because services 
and taps are unprotected on the line side up 
to the fuse on the primary side of the distribu- 
tion transformer, this new service disconnect 
must also have appropriate interrupting ratings 
consistent with potential utility fault currents 
and other service equipment. Fused discon- 
nects with 200,000 A interrupting ratings are 
available to meet this requirement. 
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Figure 12-13. Interconnection on the supply 
side of the service disconnect must include a 
separate service-rated fused disconnect or circuit 
breaker. 
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The load-side interconnection requirements in the 2005 NEC®, 
particularly those regarding the allowable ratings of back-fed 
circuit breakers, differentiated between commerical and resi- 
dential installations. This distinction was removed in the 2008 
edition, making compliance and inspections easier. 


Interconnection standards provide guidelines on the placement, connection, 
and operation of utility-interactive equipment. 
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The service conductors must be sized for at 
least 125% of the continuous load current as 
required in Article 230, based on the PV sys- 
tem inverter maximum current output rating. 
However, the conductors between the service 
tap and disconnect must be rated at no less 
than the disconnect rating, which is at least 
60 A. Consequently, smaller systems may 
require larger service tap conductors than the 
PV system output would otherwise dictate. 
Best practice suggests using tap conductors as 
large as the service equipment terminals will 
permit. The best location for the tap will vary 
depending on the application and equipment. 
This connection may be done at the main 
distribution panel prior to the existing main 
service disconnect, or it may be done on the 
load side of the meter socket. 

Regardless of the point of connection, 
NEC? Article 705, “Interconnected Electric 
Power Production Sources,” requires that a 
permanent directory be placed at each service 
location showing all power sources for a build- 
ing. See Figure 12-14. If the PV system is con- 
nected on the load side, this labeling may be 
in addition to labeling at the panelboard. If the 
point of connection is on the supply side, this 
labeling may serve the purposes of a supply- 
side label near the service disconnects. 
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Figure 12-14. /nterconnected PV systems must 
include labeling that clearly identifies the discon- 
nects and point of interconnection. 


Metering 

Electricity is metered to determine the amount 
of energy delivered to (or from) a customer's 
facility for billing purposes. Metering used for 
billing is the responsibility of electric utilities 
and is often called “revenue metering.” Rev- 
enue meters are installed at the service entrance 
and establish the transition between utility 
and customer-owned equipment. The type of 
metering installed in facilities with interac- 
tive systems is determined by the type and 
size of the facility and distributed-generation 
equipment and the applicable interconnection 
policies and rules. 


Net Metering. Net metering uses one meter 
that can operate in both directions, effectively 
subtracting exported electricity from imported 
electricity. See Figure 12-15. This assigns 
them the same, full retail value, which is most 
advantageous to the customer. Sometimes a 
customer's existing meter is capable of oper- 
ating backwards without any modifications. 
If a different meter must be installed, it is the 
responsibility of the utility to do this, though 
it may charge the customer a fee. 
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Figure 12-15. With a net metering arrangement, 
exported power makes the electric meter run 
backward, crediting the PV system owner for pow- 
er supplied to the utility grid at the retail rate. 
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... Metering Basics 


For billing purposes, electricity consumption is metered as power enters a customer's build- 
ing. For residential and small commercial buildings, standard watt-hour meters accumulate 
total energy passing through the meter, and the utility charges the customer a certain rate 
per kilowatt-hour. For larger commercial facilities, metering typically also includes peak 
power demand in kilowatts (KW), and customers are billed for both peak power demand 
and energy consumption. 

Electromechanical induction watt-hour meters are conceptually similar to motors. Electric- 
ity passing through coils creates magnetic fields, which rotate a metal disk. The rate of disk 
revolution is proportional to the power passing through the meter, so each revolution accounts 
for a certain amount of energy transfer. The watt-hour constant (designated “K,”) is the number 
of watt-hours per disk revolution. The number of disk revolutions is counted mechanically and 
the corresponding energy use is displayed on the register in digits or dials. 

Watt-hour meters rotate in the positive direction when the meter is fed from the overhead 
service entrances. However, electromechanical meters can operate with power passing 
through in the opposite direction, which simply reverses the direction of disk rotation, and 
the meter register counts backward instead of forward. This is the basis for net metering. 

Today, many electromechanical watt-hour meters are being replaced by electronic me- 
ters using current and voltage transformers and microprocessors to measure, process, and 
record data. Some can record other electrical service information, including peak power 
demand, power factor, reactive energy, time-of-use consumption, or, in the case of distributed 
generation, exported energy. Many electronic meters can also be used for automated meter 
reading (AMR) applications, allowing the meter data to be read remotely by either infrared, 
radio frequency, telephone, wide-area network, or power line carrier signals. 
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Under most state rules, residential, com- 
mercial, and industrial eustomers with small 
to medium-sized PV systems are eligible for 
net metering. In other areas, eligibility can 
vary by location, customer type, utility, and 
technology (such as PV array, wind turbine, or 
engine generator). Net metering is also a low- 
cost and easily administered way of promoting 
direct customer investment in renewable energy, 
though at the utility's expense. 


Dual Metering. Two-meter arrangements are 
more common for larger independent power 
producers, though they are also used for a 
variety of PV systems in states that have not 
yet mandated net metering rules. Two unidirec- 
tional meters, or a single multi-register meter, 
record exported and imported energy separately. 
See Figure 12-16. 

Because they are measured separately, the 
energy sent to or supplied from the utility can 
be assigned different values. Usually the utility 
pays a lower rate for electrical energy exported 
from a customer, which is less advantageous 
to the customer than net metering. Under the 
most common dual-metering arrangement, 


referred to as “net purchase and sale,” excess 
electrical energy produced by a customer can 
be purchased by the utility at a different rate 
than it charges to sell electricity to the customer. 
Under this arrangement, the utility usually pays 
its avoided cost when purchasing electricity. 
There is generally a significant difference in the 
retail rate and the avoided cost. For instance, a 
retail rate might be about 9¢/kWh, while the 
avoided-cost rate may be only 3¢/kWh. 


Electromechanical induction watt-hour meters are the most common type of 
meters installed by electric utility companies. 
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Figure 12-16. Dual metering can be accom- 
plished with two separate meters or with one 
meter that can measure and record energy flow 
in both directions separately 


UTILITY INTERCONNECTION 
POLICIES 


Utility interconnection policies and practices 
have been a major barrier to the expanded 
adoption of PV and other distributed power 
systems, though procedures are gradually be- 
coming more consumer friendly in many areas. 
Some policies dealing with the interconnection 
of these systems are legislated by federal, state, 
and local governments. Where governmental 
policies are absent, interconnection policies 
are established by local utility companies. 


Public Utilities Regulatory Policy Act 
(PURPA) 

Over the past 30 years, a number of poli- 
cies developed at the state and federal levels 
have impacted the utility interconnection of 


privately owned power generation systems. 
The first significant legislation was the Public 
Utilities Regulatory Policy Act (PURPA) of 
1978, passed by the U.S. Congress during 
the energy crises of the 1970s. This law was 
intended to decrease U.S. dependence on 
foreign oil by increasing energy conservation 
and efficiency and by encouraging the use of 
renewable energy and cogeneration resources. 
PURPA established the first opportunities for 
non-utility power producers by eliminating 
barriers that previously hindered their entry 
into a market controlled by electric utilities. 
The most significant part of PURPA was that 
it required electric utilities to purchase power 
from independent power producers (IPPs) and 
establish the technical and procedural require- 
ments for their interconnection to the utility 
system, subject to state regulatory approval. 


Qualifying Facility. PURPA defines a class 
of IPPs known as qualifying facilities. See 
Figure 12-17. A qualifying facility (QF) is 
a non-utility large-scale power producer that 
meets the technical and procedural require- 
ments for interconnection to the utility sys- 
tem. PURPA mandates that utilities purchase 
power from QFs at the utility's avoided cost. 
Avoided cost is the cost that a utility would 
normally incur to generate a given amount of 
power, often synonymous with the wholesale 
market value of electricity. When purchasing 
this energy, the utility “avoids the cost" of 
generating it themselves. 
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Figure 12-17. PURPA defines the entities that can 
contribute to the collective energy supply. 
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Case Study 


Tri-City JATC (Latham, NY) 

Location: Latham, NY (42.8°N, 73.8°W) 

Type of System: Utility-interactive 

Peak Array Power: 28.1 kW DC 

Date of Installation: October 2004 

Installers: Apprentices and journeymen 
Purposes: Training, supplemental electrical power 


in an effort to make PV systems more affordable and encourage installer training, the New York State Energy 
Research and Development Authority (NYSERDA) granted $148,000 toward the installation of a large PV system 
at the Tri-City JATC in Latham, NY. This covered more than 6096 of the system costs. The local worked with PV 
organizations to design the system, and the local apprentices and journeymen gained PV system experience 
by installing the system themselves. 

The annual output of the PV system is about 28,500 kWh, 
which offsets a large proportion of the electricity demand 
of the building and significantly lowers the utility bill. The 
system is also utility-interactive, so any excess electricity 
when demand is low is transferred back to the utility grid. 
However, the local utility company supports net metering for 
residential customers only. For commercial customers like the 
training center, the utility installs a second meter to record 
any exported energy. The billing for energy used and credits 
for energy exported are processed separately. The wholesale 
rate the utility pays for exported energy varies daily. At the 
end of each month, the training center receives both a low 
bill and a refund check. 

The modules are set on a standard rack mounting system N > 
designed for ground applications. However, instead of using Tri-City JATC 
typical concrete foundations for the main pole structures, the The Tri-City JATC PV system consists of 152 modules 
training center worked with the rack mount manufacturer to arranged in groups to supply 15 inverters with DC power. 
adapt the design for screw pile foundations. This is a unique 
application of screw pile foundations. Screw piles are strong metal posts with an auger tip that is drilled into the 
ground under pressure. Screw piles are usually used to support failing foundations or structures in difficult soil 
conditions. They are more than strong enough for the relatively light array mounting structure, with a real advan- 
tage in ease of installation. This innovation turned out to be a considerable improvement. 


Tri-City JATC Tri-City JATC 
One meter measures energy used from the utility and another The ground mounting system was adapted to use screw piles 
meter measures energy exported back to the utility. as a foundation. 
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It is important to note that avoided costs are 
only part of the retail price for electricity sup- 
plied to the consumer. Retail price also includes 
the utility's administration costs and the costs 
of building, operating, and maintaining the 
electricity transmission and distribution system, 
and bringing services to consumers. These are 
services that a QF often uses but does not own 
or operate. Typically, avoided costs are less than 
half of retail electricity prices. 

The Federal Energy Regulatory Commis- 
sion (FERC) is responsible for overseeing the 
electric utility industry in the United States, 
including the implementation of PURPA. 
FERC’s responsibilities include the regulation 
of the wholesale and interstate utility markets, 
power exchange transactions, and any rates, 
terms, or conditions established by state public 
utility commissions. Under PURPA, public 
utilities are required to submit their QF rates 
and billing structures to FERC for approval. 
The rates are an important part of interconnec- 
tion agreements between utilities and QFs and 
in large part determine the economic value of 
distributed power generation. 


SolarWorld Industries America 


Large-scale PV systems may be subject to special interconnection requirements. 


Qualifying-Facility Agreements. A qualifying- 

facility agreement is a contract between a util- 
ity and a qualifying facility that establishes 
the terms and conditions for interconnection 
and the rates or tariffs that apply. Tradition- 
ally, QF agreements are targeted to IPPs with 
generation levels of about 10 MW and greater. 
These agreements include contractual commit- 
ments regarding prices and expected levels of 
generation. 


In the past, with the absence of interconnec- 
tion agreements written specifically for small 
PV systems, utilities often used their general 
QF agreements for PV interconnection requests. 
These agreements are intended for large-scale 
power producers and include many requirements 
that are unnecessary for small, customer-owned 
systems. In addition, insurance requirements 
under QF agreements often exceed the cover- 
age that most homeowners and small businesses 
carry. These complex legal documents therefore 
became financial, technical, and regulatory bar- 
riers to interconnecting small PV systems. This 
has prompted most states to pass legislation and 
adopt rules for a streamlined utility interconnec- 
tion process and agreements for PV and other 
small distributed-generation systems. 


interconnection Agreements 


An interconnection agreement is a contract 
between a distributed power producer and an 
electric utility that establishes the terms and con- 
ditions for the interconnection. Many utilities 
have simple interconnection agreements for the 
installation of small PV systems at residential 
and commercial facilities. 

Permission of the local utility distribution 
provider is required to interconnect PV systems 
with the utility grid. Approvals for PV system 
interconnections are granted by electric utilities 
in cooperation with the local authority having 
jurisdiction (AHJ). 

The interconnection process begins with 
completing the system design and interconnec- 
tion plan, and submitting applications for plans 
review and permits with the AHJ. Concurrently, 
applications are made to the local utility for 
interconnection. Once permits are received, 
the installation is completed and a request 
for inspection is made with the AHJ. After 
completing inspection, the utility is notified, 
inspects the system (if necessary), approves the 
interconnection agreement, and grants approval 
to interconnect the system. Usually, electric 
utilities permit installers to test a PV system 
with pre-approval. Finally, the system may be 
interconnected, commissioned, and operated. 

Utility interconnection agreements are gov- 
erned by state utility commissions and local 


utility boards, so they vary somewhat by region. 
However, most have common requirements 
based on national codes and standards. 


Size Restrictions. Interconnection agreements 
typically limit the size of the distributed- 
generation system covered under the agree- 
ment, though the maximum size is often far 
larger than is feasible for most residential and 
commercial systems. Limits vary by state and 
range from 10 kW peak to a few MW peak. A 
larger system may still be interconnected, but 
will likely fall into the category of a QF, which 
involves more stringent technical requirements 
and legal issues. The size limitation allows for 
a simplified contract, making interconnection 
more accessible to homeowners and small 
businesses. 


Liability Insurance. Because of safety con- 
cerns, liability has always been a consideration 
for interconnecting distributed power sources. 
Liability insurance is required by most utili- 
ties that have interconnection standards, as a 
way to protect themselves and their employees 
should there be any accidents due to the opera- 
tion of the customer's generating system. 

Liability insurance in the amount of 
$100,000 is considered adequate for small 
PV systems by most utilities, and is generally 
covered in most home or property owner's 
policies. If not, the customer must obtain a 
policy rider or an additional policy to cover the 
system. Utilities may require the PV system 
owner to indemnify the utility for any potential 
damages as a result of operation of the PV 
system, which may also be covered under a 
liability policy. 


Inspection and Monitoring. When intercon- 
necting a PV system to the electric utility, the 
utility company assumes some of the risks and 
responsibilities of the system. It must ensure 
that the system is safe for the customer, their 
neighbors, and the utility lineworkers who 
may work on or near the system. The utility 
must also be sure that the PV system will not 
adversely affect the operation of the electric 
utility system. 

Therefore, most utilities require verifica- 
tion, inspections, and sometimes even testing 
of PV systems to ensure they are operating 
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within the specified voltage and frequency 
limits. Inspection rights allow the utility to 
check for listed equipment and proper installa- 
tion before interconnection. 


System Maintenance. After the utility in- 
spections are completed and the PV system is 
interconnected with the utility system, it is the 
customer's responsibility to properly maintain 
their PV equipment and to promptly contact the 
utility if there are any problems with the inter- 
connection. The customer is also responsible 
for the protection of the PV system from the 
utility system, during both normal and abnormal 
operation, including installing and maintaining 
all protection devices. 


Disconnects. Utilities may require that PV 
systems have disconnects that are outside the 
building and accessible by utility personnel. See 
Figure 12-18. The utility may retain the right to 
disconnect the system, without prior notice to 
the customer, if work is necessary on the utility's 
part of the system or the customer fails to com- 
ply with the interconnection agreement. 


Accessible Disco 


nnects 


GO SOLAR COMPANY 
ADANGER — MN 


SolarWorld Industries America 


Figure 12-18. Utility interconnection agreements 
commonly require outside disconnects for PV 
systems so that the system can be isolated in 
the event of an outage or emergency. 
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When a PV system includes an anti-islanding 
inverter, utilities may relax some requirements 
for the utility-accessible disconnect, such as its 
location. Also, in accordance with Article 690, 
PV inverters must already have a manual means 
of isolation from the grid, which should satisfy 
the utility requirement if installed outdoors. 


Additional metering may be installed by a customer to record 
energy between portions of a PV system, such as between 


the inverter output and a critical load subpanel. This is called 
submetering. 


SPG Solar, Inc. 
Some utilities install electronic meters because they are easier to read and may 
include additional metering features. 


Interconnection Fees. To offset the additional 
costs of inspecting, monitoring, billing, and 
completing paperwork for interconnecting PV 
systems, utilities may impose interconnection 
application fees. The fees, if applicable, may 
be flat rates or may be based on the size of the 
system. The fee structures vary by state or util- 
ity, but range from about $20 to $800 for most 
small PV systems. State interconnection rules 
may limit the amount utilities are allowed to 
charge for interconnection applications. 
Additionally, the interconnection agreement 
may also include a schedule of fees for other 
services and equipment needed to interface with 
the PV system, especially for larger systems. For 
example, a new meter may need to be installed 
or an additional inspection may be needed to 
remedy code compliance issues. However, the 
interconnection agreement should also include 


assurances to customers that paid services or 
equipment installations will be completed in 
a reasonable timeframe. 


Metering and Billing. Interconnection agree- 
ments must establish some means to credit 
the customer for excess power supplied to 
the utility, usually via either net metering or 
dual metering. The interconnection agreement 
defines each party’s responsibilities regarding 
metering, billing, and rates. The agreement 
should also specify whether net metering, dual 
metering, or some other metering arrangement 
will be used, as well as the party responsible for 
installing and paying for the metering devices, 
which is usually the utility. 

If credits will be issued for exported elec- 
tricity, customers are generally not monetarily 
compensated, but are allowed to carry energy 
credits over from month to month. Usually 
credits will be used quickly, during times when 
the customer’s electricity demand exceeds 
the PV electricity supply, but if credits begin 
to accumulate and carry over, the utility may 
specify an expiration date. Credits normally 
expire after one year, at which time the utility 
may purchase them at a special rate (usually 
the wholesale rate) or the credits may expire 
without compensation. Therefore, it is not 
advantageous to oversize a PV system without 
special agreements in place to purchase the 
excess energy. 

If the utility is in a state that mandates me- 
tering requirements, the utility must abide by 
those rules. In 2009, policies on net metering 
exist in 44 states and the District of Columbia. 
See Figure 12-19. However, not every state has 
established rules regarding interconnections and 
metering. In states without established policies, 
utilities may choose to offer metering programs, 
though the implementation and requirements 
will vary between utility companies. 

States that mandate that utilities allow net 
metering still have varying rules on other 
requirements, such as how much electricity a 
customer can export. Customers should also 
be careful to note in the interconnection agree- 
ment whether the utility will claim the renew- 
able energy certificates (RECs) produced by 
the PV system, since these can be a valuable 
financial resource for the customer. 


+ Net Metering Rules. 
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Figure 12-19. Net metering policies vary by state and sometimes also by utility. 


Distributed-generation systems provide power to on-site loads and back up the normal utility service in the 
event of an outage. 


Rotating generators produce most of the power on the utility grid, but require precise synchronization pro- 
cedures before interconnection. 


Solid-state inverters include automatic and sophisticated synchronizing functions and have no moving parts. 
Interactive-only PV systems connect the array directly to the inverter. 


Bimodal systems connect the battery bank to the inverter, and the batteries are charged by the array through 
the charge controller. 


In the event of a utility outage, bimodal inverters can power certain loads by drawing power from the batteries. 
In addition to the NEC®, standards apply that deal specifically with the interconnection of PV systems. 


Islanding results from an interactive inverter that continues to transfer power to the utility grid that would 
otherwise be de-energized from an outage. 


Islanding is a serious safety hazard and can damage utility equipment. 
Power quality is among a utility's chief concerns for interconnected distributed-generation equipment. 


The output from an interactive inverter may be connected to either the load side or the supply side of the 
service disconnect. 

Interconnected systems should be clearly labeled in a central location, and other applicable locations, with 
all the building's power sources and their disconnects indicated. 

Net metering uses one meter that operates in both directions to subtract the amount of energy exported from 
the amount of energy purchased. 
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Dual metering uses two meters to measure exported energy and purchased energy separately. 


Most utilities have simple interconnection agreements for the installation of small PV systems at residential 
and commercial facilities. 


Approvals for PV system interconnections are granted by electric utilities in cooperation with the local 
authority having jurisdiction (AHJ). 


Definitions 


Distributed generation is a system in which many smaller power-generating systems create electrical power 
near the point of consumption. 


Synchronizing is the process of connecting a generator to an energized electrical system. 


Islanding is the undesirable condition where a distributed-generation power source, such as a PV system, 
continues to transfer power to the utility grid during a utility outage. 


The point of connection is the location at which an interactive distributed-generation system makes its in- 
terconnection with the electric utility system. 


A qualifying facility (QF) is a non-utility large-scale power producer that meets the technical and procedural 
requirements for interconnection to the utility system. 


Avoided cost is the cost that a utility would normally incur to generate a given amount of power, often syn- 
onymous with the wholesale market value of electricity. 


A qualifying-facility agreement is a contract between a utility and a qualifying facility that establishes the 
terms and conditions for interconnection and the rates or tariffs that apply. 


An interconnection agreement is a contract between a distributed power producer and an electric utility that 
establishes the terms and conditions for the interconnection. 


Review Questions 
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. Explain how the interconnection of solid-state inverters is different from synchronizing rotating generators. 
. Why is the DC input connection of an inverter different between interactive-only and bimodal systems? 

. How is the standard ANSIAEEE 1547 related to interconnection? 

. Why is islanding a safety hazard to utility lineworkers? 

. What are the two points of interconnection allowed by the NEC®? 

. How do net metering and dual metering affect the billing and crediting of power exchanged with the utility? 
. What types of interconnection-related labeling are potentially required for an interactive PV system? 

. Why are qualifying-facility agreements not appropriate for small residential and commercial PV systems? 


. Why are insurance requirements, inspection rights, and interconnection fees commonly included in inter- 


connection agreements? 
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BUILDING CODES AND 
REGULATIONS 


Each community has a building code that ap- 
plies to the installation of electrical equipment 
on residential and commercial properties. A 
building code is a set of regulations that pre- 
scribes the materials, standards, and methods 
to be used in the construction, maintenance, 
and repair of buildings and other structures. 
The purposes of building codes are to protect 
public safety and ensure quality construction 
projects. Building codes cover all construc- 
tion trades, including electrical, mechanical, 
plumbing, structural, fire and life safety, and 
energy efficiency. 

Building codes are applicable to the con- 
struction and installation aspects of PV sys- 
tems, just as for any other electrical system. 
These regulations may dictate who can install 
PV systems and the requirements for different 
system types and sizes. Any designer, contrac- 
tor, or code official involved with integrating, 
installing, and inspecting PV systems should 
be familiar with these requirements. 

Building code requirements are both tech- 
nical and administrative in scope. They affect 
manufacturers and suppliers of equipment and 
materials, as well as installers, contractors, 
code officials, and end users. Building codes 
are enforced by inspections, the issuance of 
building permits and certificates of approval 
or occupancy, and the imposition of fines for 
violations. 

Product safety standards, installation codes, 
and code enforcement are separate but related 
components of the electrical safety system. 
This system depends on a close working rela- 
tionship among the organizations responsible 
for the development of product standards and 
installation codes and the electrical inspection 
community. All three components must be in 
place for the electrical safety system to be ef- 
fective. See Figure 13-1. 


*- Electrical Safety System 


INSTALLATION 


na L CN j 
PRODUCT Used 
STANDARDS AND INSPECTION AND 
CERTIFICATION ENFORCEMENT 


HIGHER-QUALITY AND 
SAFER INSTALLATIONS 


Figure 13-1. Product standards, installation 
codes, and code enforcement are separate but 
related functions that result in higher-quality and 
safer installations. 


Code Adoption 


A building code must be adopted by the state 
or local jurisdiction as law to apply and be 
enforceable. The jurisdiction may choose to 
develop its own building code, but this is un- 
common. Most adopt model building codes, 
sometimes making small modifications to 
suit their locale. A model building code is a 
building code that is developed and revised by 
a standards organization independently of the 
adopting jurisdictions. The National Electri- 
cal Code? (NEC?) is an example of a model 
building code. 

Building codes may contain guidance on the 
administration and enforcement of the code, 


Each major city in the United States once had its own building 


À idm : such as requir i 
code. Since building codes are very expensive to develop and s requirements for electrical boards, 


the responsibilities of code officials, and the 
processes for plans review, permitting, and 
inspections. Article 80 in Annex H of the NEC® 


maintain, most cities eventually adopted model codes. Only a 
few cities, such as Chicago, continue to maintain local codes. 


is such a guide, though it applies legally only 
if it has been formally adopted along with the 
rest of the code by a local jurisdiction. Even 
when Article 80 is not officially adopted, most 
jurisdictions follow a similar approach. 


Authority Having Jurisdiction 


An authority having jurisdiction (AHJ) is an 
organization, office, or individual designated 
by local government with legal powers to 
administer, interpret, and enforce building 
codes. The AHJ approves equipment, materi- 
als, installations, and procedures by issuing 
permits, conducting inspections, and granting 
certificates of approval or occupancy. 

With respect to electrical construction, the 
basic responsibility of the AHJ is to verify that 
electrical installations, including PV systems, 
comply with the NEC?. The AHJ is permitted 
to waive, in writing, specific requirements of 
the NEC? or to permit alternative methods 
where it is assured that equivalent safety 
objectives are maintained. The AHJ also has 
the authority to disconnect electrical systems 
when hazardous conditions exist and until 
such problems are corrected. 

The AHJ delegates powers to qualified 
plans examiners and electrical inspectors. 
These electrical officials are typically li- 
censed and certified at the state or local level, 
and have demonstrated a thorough knowledge 
of the applicable codes and standard materi- 
als and methods used in electrical installa- 
tions. Responsibilities and requirements for 
electrical inspectors and plans examiners 
are established in Article 80 of the NECS, as 
well as in local building codes or by licens- 
ing boards. 


Plans Examiners. A plans examiner is a local 
official qualified to review construction plans 
and documentation for compliance with ap- 
plicable codes and standards. Plans examiners 
evaluate drawings, schematics, specifications, 
instructions, and equipment manuals, and 
verify the suitability and proper application 
of equipment. A plans examiner may special- 
ize in the electrical, mechanical, or structural 
aspects of construction plans. 
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Electrical Inspectors. An electrical inspector 
is a local official qualified to evaluate electrical 
installations in the field for compliance with 
applicable codes and standards. Electrical in- 
spectors visually evaluate the safety of electrical 
installations in accordance with the approved 
plans and local codes. They identify the suit- 
ability and proper installation of equipment, 
conductors, overcurrent protection devices, 
disconnects, and bonding and grounding. Other 
building inspectors may evaluate PV installa- 
tions according to mechanical and structural 
requirements. 


DOE/NREL, Utah Office of Energy Services 
The review of a new PV system is completed by official building inspectors. 


IAE! 


The International Association of Electrical 
Inspectors? (IAEI9) is a trade organization 
for the electrical code official community 
and has thousands of members in over 30 
countries. The IAEI is a valuable resource 
for electrical inspectors and promotes 
uniform standards and a common inter- 
pretation of the NEC? and other codes. 
The IAEI seeks to promote cooperation 
between inspectors, the electrical industry, 
and the public, and to collect and dissemi- 
nate information related to the safe use of 
electricity. 

The IAEI regularly publishes articles 
on PV systems and the NEC? in the /AE/ 
News. These articles address specific 
areas of PV system installations, their as- 
sociated code requirements, and solutions 
to common problems. These articles are a 
valuable resource for any contractor, code 
official, or utility representative involved 
with the installation of PV systems. 
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Approved Equipment 

The use of approved equipment is required 
by the NEC? and facilitates the plans review, 
permitting, and field inspection processes. 
Approvals are based on examinations of the 
equipment for safety, installation, and con- 
ditions of use. In most cases, equipment 1s 
approved for its intended application by a 
recognized testing laboratory. A nationally 
recognized testing laboratory (NRTL) is an 
OSHA-recognized, accredited safety testing 
organization that certifies equipment or materi- 
als to meet applicable standards. 

This independent approval process allows 
AHJs to avoid the time-consuming and po- 
tentially inconsistent process of conducting 
their own equipment evaluations, while as- 
suring AHJs, contractors, and consumers that 
electrical equipment is safe and appropriate 
for a given application. Approved equipment 
is identified with product listing marks on its 
label. Listing 1s the process used by an NRTL 
for certifying that equipment or materials meet 
applicable standards. 

To obtain a product listing, a manufacturer 
produces a product in accordance with the 
applicable standards and submits prototypes 
to an NRTL for evaluation and approval. The 
NRTL tests the prototypes for compliance with 
the standards and, if the standards are met, 
authorizes the manufacturer to use its product 
certification mark. The manufacturer's produc- 
tion facilities are then periodically inspected 
by the NRTL to ensure continuing compliance 
with the standards and conditions of listing. 

PV modules, inverters, charge controllers, 
and other electrical equipment are typically 
listed by Underwriters Laboratories, though it 
is common to see other types of product certi- 
fication marks on PV components. 


Underwriters Laboratories (UL). Underwrit- 
ers Laboratories is perhaps the most well-known 
NRTL and provides safety certification services 
for a variety of products used throughout the 
world. There are several UL marks, each with 
specific meaning. These marks may only be 
used on or in connection with products certified 
by UL, under the terms of a written agreement 
between UL and the manufacturer. 


The UL Listing Mark is one of the most 
common UL marks. See Figure 13-2. It signi- 
fies that UL has tested representative samples 
of the product in accordance with UL’s safety 
standards and that the manufacturer’s produc- 
tion facilities are routinely inspected by UL 
for compliance with the standards. Products 
may be listed to either Canadian or U.S. safety 
standards, or both. Canadian listing marks ap- 
pear with a “C” on the left side of the mark, 
and U.S. listing marks appear with a “US” on 
the right side. The UL Listing Mark is accepted 
by the NEC? and the Canadian Electrical Code 
as evidence of approved equipment. The UL 
Listing Mark includes the UL symbol with 
the word “LISTED,” a control number, and a 
product name such as “Photovoltaic Module” 
or “Utility-Interactive Inverter.” 
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Figure 13-2. The UL Listing Mark indicates if 
the product is listed for both the United States 
and Canada. 


Listing requirements for PV modules are es- 
tablished by UL 1703, Standard for Flat-Plate 
Photovoltaic Modules and Panels. Listing 
requirements for inverters and charge con- 
trollers are governed by UL 1741, Inverters, 
Converters, Controllers, and Interconnection 
System Equipment for Use with Distributed 
Energy Resources. 


The UL Classification Mark is used on prod- 
ucts that UL has evaluated only with respect to 
specific properties, a limited range of hazards, 
or suitability for use under limited or special 
conditions. Classified products may be tested 
to the same standards as listed products and 
may be of equal quality. The difference is that 
listed products are evaluated for all reasonably 
foreseeable situations applicable to the stan- 
dard, while classified products are evaluated 
for only a certain set of circumstances. Prod- 
ucts classified by UL include building materi- 
als, protective gear, and fire safety equipment. 
Roofing products and PV modules may also 
be classified for fire rating. 

Some products may be both listed and 
classified and use a combination listing/ 
classification mark with the text "Also Clas- 
sified in Accordance with" and the applicable 
classification standard. Listed PV modules can 
be classified in accordance with IEC 61215 
or IEC 61646 design qualification standards. 
These classifications are indicators of the qual- 
ity of module design and reliability. Design 
classifications are not required for code com- 
pliance, but may be specified when the most 
reliable PV modules are desired. 

The UL Recognized Component Mark 
indicates that a component is certified to meet 
the requirements for a limited, specified use 
as part of a larger product or system and is 
not intended for separate installation in the 
field. When products submitted to UL include 
recognized components, the evaluation and ap- 
proval process of the overall product is faster. 
However, equipment composed of recognized 
components does not automatically constitute 
approval or listing for the complete equipment. 
UL Recognized Component Marks are found 
on a wide range of electrical products, such 
as switches, power supplies, motors, terminal 
blocks, and batteries. 

Equipment or products that are modified or 
do not bear a third-party certification mark may 
be evaluated by UL in the field at the request 
of a building owner, manufacturer, or regulator. 
Products that meet appropriate safety require- 
ments are labeled with a tamper-resistant UL 
Field Evaluated Product Mark. 
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Canadian Standards Association. The 
Canadian Standards Association (CSA) is 
an OSHA-accredited NRTL that tests using 
similar processes and to the same industry 
standards as other NRTLs. The CSA also 
publishes the Canadian Electrical Code. CSA 
Marks are recognized and accepted throughout 
the United States by federal, state, and local 
authorities. A CSA Mark with the indicator 
“US” or “NRTL” means that the product is 
certified for the U.S. market to the applicable 
U.S. standards. See Figure 13-3. 
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Figure 13-3. PV equipment may bear the marks 
of listing and certification organizations other than 
Underwriters Laboratories. 
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Fire-Rating Classifications 


Building codes establish fire-resistance requirements for construction materials, including 
roofing products. These requirements apply to PV modules because they can be installed 
on rooftops and in building-integrated applications. Most PV module manufacturers have 
their products tested by UL and classified for fire-resistance rating. Modules that have not 
been classified with respect to fire exposure are marked "Not Fire Rated.” 

The fire-resistance rating is the level 
of resistance to external fire that a roof MAX. SYST. 
covering provides to the roof decking OPEN CKT. VOLTAGE 
below. Classes A, B, and C represent - : 
different levels of fire resistance. All | 600 V 
classified products will not spread fire - 


to the roof deck, slip from position, FIRE RATING 


or produce flying debris under the - 
fire conditions of their classification. | CLASS C | 
The differences are in the severity of E 


fire exposure that the products can | 
withstand. FIEL.D WIRING 


These classes are defined by ASTM COPPER ONLY, 14 AWG MIN. 
E108, Standard Test Methods for Fire INSULATED FOR 90°C MIN. 


Tests of Roof Coverings, and ANSI/UL - 
790, Standard Test Methods for Fire 
Tests of Roof Covering Materials. Class 
A roofing products are effective against 
severe fire exposures. Most building codes recognize brick, masonry, slate, clay or concrete 
tile, exposed concrete, and copper shingles as Class A roofing materials without being tested. 
Class A roofing products are generally only required for buildings where the roof falls under 
interior fire rating requirements or for construction in special fire districts. PV modules used 
for building-integrated installations may be required to have a Class A fire rating. 

Class B roof coverings are effective against moderate fire exposure. Building codes 
recognize aluminum roofing as Class B without testing. Class C roof coverings are effective 
against light fire exposure. Class C fire ratings are acceptable for PV modules used in most 
residential and commercial rooftop applications. 


Module fire ratings are included on module labels. 


Intertek ETL. Intertek is an OSHA-recognized 
NRTL and provides testing, inspection, and 
certification of electrical products for manufac- 
turers and retailers around the world. Among 
their certification and conformity marks are the 
ETL Listed Mark for North America and the 
y d 6 B | i CE Mark for Europe. ETL Listed Marks are 
i : .500 KV A PH ASE: 1 | found on some PV inverters, which are tested 


in accordance with the standard UL 1741. 


6C Hz. INS 3 C k AS S: 13 0 DE G C CE Mark. The CE Mark is a European mark- 
: ing of conformity that indicates that a product 

ON NECT ISEC. V ON LINES CONNE CT complies with the requirements of standards 
'H3 32 Mc Xt xa ——— HÀ with respect to safety, health, environment, and 
——————————————Á consumer protection. It is used on products 


Many components are certified for more than one market and include multiple to facilitate trade between member countries 
listing or certification marks on their labels. of the European Union (EU). Unlike the UL 
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Mark, the CE Mark is not a safety certifica- 
tion. It is based on a self-declaration by the 
manufacturer, as opposed to a third-party 
independent certification. By itself, it does not 
indicate compliance to North American safety 
standards or installation codes. However, qual- 
ity products may bear the CE Mark in addition 
to listing marks. 


Other Marks. Other listing and certification 
marks may appear on PV equipment, espe- 
cially on equipment produced for markets 
outside of North America. For example, PV 
products produced for European markets are 
often certified by TÜV Rheinland and are 
labeled with corresponding TÜV Marks. The 
European Solar Test Installation (ESTI) is 
another certification body recognized by the 
European Commission for PV module testing 
and certification capabilities. 


Contractor Licensing 


All electrical work should be performed by 
qualified persons. A qualified person is a 
person with skills and knowledge of the con- 
struction and operation of electrical equipment 
and installations and is trained in the safety 
hazards involved. In most cases, local and state 
contracting laws and regulations require an 
electrical contractor to be licensed in order to 
apply for permits and perform electrical work, 
including work on PV systems. Licenses are 
granted by state or local governments and are 
different from trade certifications, which are 
conferred by nongovernmental organizations 
such as NABCEP. 

Licensing ensures that the contractor un- 
derstands and complies with the applicable 
construction laws and regulations. Licensed 
contractors should complete all installations 
in a timely manner and to the owner's satisfac- 
tion. If there is a problem with a contractor's 
work, licensing also provides a means of ad- 
dressing the issue, by filing a complaint with 
the license-issuing authority. 

Local electrical contractor licenses that are 
offered by counties and municipalities limit 
work to a relatively small area. However, many 
states have statewide licensing programs that 


are accepted by every AHJ in the state. Several 
states also have reciprocity agreements with 
neighboring states with similar contractor licens- 
ing requirements. This means that contractors 
licensed in any one of the states in the group may 
also work in any of the other states in the group 
through a simplified application process. 


Solar Contractors. A few states, including 
Florida, California, Oregon, and Nevada, have 
a solar contractor license classification. The 
scope of work for this licensure may include 
both PV and solar thermal systems. However, 
these licenses are controversial in that they 
generally do not require rigorous electrical 
systems training. The solar contractor may be 
limited to performing only incidental electri- 
cal work and may need to hire an electrical 
subcontractor to install any premise wiring or 
make connections to the utility grid. 

A qualified electrical contractor has exten- 
sive knowledge and experience and the license 
does not limit the scope of the contractor's 
electrical work on PV systems in any way. 


b) Qualified Person 


A qualified person is trained to recog- 
nize potential electrical hazards and can 
administer first aid and CPR in an emer- 
gency. Training must include the use and 
inspection of personal protective equip- 
ment (PPE) and use of insulated tools 
and test equipment. Persons working on 
or near exposed energized conductors 
operating at 50 V or above must be able 
to identify exposed live parts and their 
voltage, assess the risks for the type of 
work to be performed, and determine the 
appropriate PPE and other safety precau- 
tions required. Persons may be considered 
qualified for certain equipment or methods 
and still be unqualified for others. Ap- 
prentices may be considered qualified if 
they have demonstrated the applicable 
knowledge and skills and are under the 
supervision of a qualified person. OSHA 
regulations and NFPA 70E, Standard for 
Electrical Safety in the Workplace, include 
more information and descriptions of job 
safety requirements. 


ae E 
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Owners wishing to act as their own contractor face a lot of re- 
sponsibility. They must carefully study the applicable building 
codes and be prepared to address any questions the inspector 


may have. The owner-contractor must schedule inspections 
and remedy any compliance issues that the inspector finds. 
If they fail an inspection, they may also be charged a fee to 
cover additional inspection costs. 


Owner-Contractors. In some jurisdictions, 
property owners are allowed to apply for 
permits and act as their own contractor with- 
out having a license. These owner-contractor 
exemptions allow owners to install electrical 
wiring and equipment to their own residence 
or commercial building, for projects costing 
up to a certain dollar amount. The owner may 
be required to occupy the building, and may 
be restricted from selling or leasing the prop- 
erty for one year after the work is completed. 
Owner-contractors are not relieved from any 
normal contractor responsibilities or the re- 
quirements of building codes and other regu- 
lations. Owner-contractors are also prohibited 
from hiring unlicensed persons to act as their 
electrical contractor or employing any unli- 
censed individuals to perform the work. These 
provisions are in line with contracting law and 
are intended to protect public safety. 


PV systems should be installed by licensed contractors or qualified persons. 


Construction Bonds. AHJs may require 
evidence of financial responsibility on the part 
of the contractor as a condition of licensure. 
Commonly, this requirement is satisfied by a 
construction bond. A construction bond is a 
contract in which a surety company assures 
that a contractor will complete their work in 
accordance with contracting laws. If a contrac- 
tor does not meet their obligations, a claim can 
be filed against their bond by property owners, 
employees, subcontractors, or suppliers. As 
opposed to an insurance policy, a contractor is 
obligated to reimburse the surety company for 
any payments from the bond. 

Construction bonds represent the amount 
of money available for claims for all jobs 
a contractor performs over the life of the 
bond. Minimum bond amounts for residential 
contractors are usually $10,000, with higher 
amounts required for commercial work or if 
the contractor has been subjected to licensing 
disciplinary action. Most state laws require 
the surety company to report claims on a con- 
tractor's bond to licensing boards. The surety 
may also cancel the bond and the licensing 
board may suspend the contractor's license 
until the surety is reimbursed for any claims. 
Contractors can avoid claims against their bond 
by using written contracts and communicating 
openly with their suppliers, customers, and 
employees to resolve any problems. 


Building Restrictions 


Building restrictions include easements, cov- 
enants, and ordinances, and are imposed by 
state or local governments or homeowner's 
associations. These limitations may restrict 
permanent construction on certain parts of a 
property, which can affect PV systems. Ease- 
ments restrict construction within a certain 
distance of the property lines to allow utility ac- 
cess. Homeowner's association covenants may 
regulate solar installations for aesthetic reasons. 
Community ordinances may ban structures and 
antennas above a certain height, which may af- 
fect PV arrays installed on tall racks. Although 
these concerns are rare for most PV installa- 
tions, the owner or installer should investigate 
potential issues in their jurisdiction. 
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Some regulations, however, benefit a prop- 
erty owner seeking to install a PV system. For 
example, some regulations protect a property 
owner's right to solar resources by prohibiting 
the erection of structures or planting of trees 
on adjacent properties that blocks the solar 
resource to a property. Also, some states make 
it illegal for covenants or deed restrictions to 
prohibit the installation of renewable energy 
systems on homes. More states are expected 
to follow in this trend. 


PERMITTING 


Permits are issued by city or county building 
departments under the authority of the AHJ. A 
permit is permission from the AHJ that autho- 
rizes construction work to begin and establishes 
the inspection requirements, but does not repre- 
sent an approval of compliance with codes and 
standards. Permits are generally required for all 
electrical work, including the installation of PV 
systems. Few exceptions apply. 

The basic recommendations for electri- 
cal permits are given in the NEC®, but some 
jurisdictions may require a special permit- 
ting process for PV systems. Differences in 
requirements may depend on the location and 
size of the system to be installed. Where an 
AHJ governs both code compliance and utility 
systems, permitting and utility interconnection 
applications may be combined. In other cases, 
separate AHJ permits and inspections are re- 
quired for utility interconnection approval. 

Proper documentation for PV system instal- 
lations is essential to working with the AHJ 
and facilitates the permitting, plans review, 
inspection, and approval processes. Since PV 
systems are relatively new and many code of- 
ficials are not familiar with their requirements, 
comprehensive documentation is particularly 
important for permitting and inspections. 


Permit Applications 

Permits are applied for by either the property 
owner or the owner's contractor. Permit ap- 
plications require certain information about 
the scope and specifications of the work, 
typically including the construction tasks, 


location, permit applicant, expiration date, 
and inspection requirements. In most cases, 
three copies of all construction plans are 
submitted for review. 


Permit applications for PV systems should 
contain site drawings, electrical diagrams, 
specifications for major components and 
equipment, and array mounting information. 
This documentation is the basis for the plans 
review and subsequent on-site inspections. 


Site Drawings. A simple drawing of the site 
layout should indicate the locations of major 
PV system components including the array, 
inverter, and disconnects, and their relation- 
ships to electrical services, property lines, 
streets, and other features. See Figure 13-4. 
A property survey or plot plan can be used as a 
starting point for marking the locations of PV 
equipment. Drawings prepared during the site 
survey and planning stages of the project may 
be used if they include all required information 
and the equipment locations are up to date. 


Electrical Diagram. At a minimum, a PV 
permit application should include a one-line 
electrical diagram. See Figure 13-5. Three-line 
electrical diagrams provide additional detail. 
These drawings should show all major system 
components and their interconnections with ex- 
isting electrical equipment. The types, sizes, and 
ratings of the conductors, overcurrent protection 
devices, disconnects, and grounding equipment 
used throughout the PV system should also be 
provided on the diagrams or included with other 
permit submittals. 


- 


Permit applications will typically require descriptions and drawings of the array 


mounting system. 
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« Site Drawings 
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Figure 13-4. Site drawings should be provided with permit applications indicating locations and pro- 


viding descriptions of major components. 


For most large commercial installations, 
complete construction drawings with an engi- 
neer's stamp are required. Many packaged PV 
systems offered by major integrators include 
detailed diagrams and equipment specifica- 
tions, eliminating the installation contractor's 
burden to produce such materials for permit 
applications. 

Equipment Specifications. Permit applica- 
tions should include specifications for all ma- 
jor components, including the manufacturer, 
ratings, operating parameters, and listing infor- 
mation. This includes PV modules, inverters, 
charge controllers, and batteries, as applicable. 


This information is needed to determine if the 
equipment is appropriate and if conductors, 
overcurrent protection devices, and discon- 
nects have been adequately sized. 

Equipment specifications are available from 
the manufacturer's equipment manuals, labels, 
or downloadable information sheets. The 
permit application should be accompanied by 
either a comprehensive list of equipment speci- 
fications or a collection of product literature. 
See Figure 13-6. Summarized and key equip- 
ment specifications may also be included on 
the electrical diagrams in addition to the full 
set of specifications. 
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Figure 13-5. Permit applications usually require either a one-line or a three-line electrical diagram. 
Additional electrical information may be included as a separate document. 


Array Mounting Design. Most permit ap- 
plications for PV systems require descrip- 
tions and/or drawings of the array mounting 
design and materials to ensure that the roof or 
structure can support the additional weight of 
the PV array and that the array will be well 
secured. See Figure 13-7. Roof information 
includes the age, composition, covering, 
pitch, and the size and spacing of structural 
members. Array information includes details 
about weight, attachment points, and weather 
sealing. Some AHJs require complete engi- 
neering reviews to verify that the structure and 
the attachment points have sufficient strength 
for the expected loads, particularly for large 
installations, unusual mounting schemes, or 
regions with high winds. 
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Figure 13-6. Specifications for PV modules, inverters, and other equip- 
ment are required for code calculations and compliance. 


360  Photovoltaic Systems 
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Figure 13-7. Descriptions and drawings of the array mounting design and materials are used to 
analyze the structural integrity of the structure and the array. 


Permit Fees 


Fees are assessed for permit applications to 
offset the costs of administering the code 
enforcement system. Permit fees for PV sys- 
tems may be determined in a variety of ways. 
Valuation-based fees are calculated according 
to the total installed cost of a system. Some 
AHJs assess fees based on the number of PV 
modules or the required engineering review 
and inspection services. The flat-fee method 
applies the same permit fee for a wide range 
of system sizes or costs. These factors result 
in significant differences in permit fees from 
one AHJ to another. Permit fees for a medium- 
sized interactive residential PV system can 
range from $50 to several hundred dollars. 
Low permit fees for PV systems are associated 
with progressive AHJs with PV-knowledge- 
able inspectors and plans examiners. 


Plans Review 


A plans review is an evaluation of system- 
design documentation as part of the permitting 
process. The AHJ's plans reviewer is respon- 
sible for reviewing construction documents 
and drawings for any new construction or 
alterations to electrical systems. They must 
conduct this review in a reasonable timeframe 
and, if plans are not approved, provide reasons 
for nonacceptance. Corrected plans can then 
be resubmitted. 


Permit applications list materials and 
documentation required for plans review. The 
applicant has the responsibility of providing 
applicable construction documents in accor- 
dance with governing codes and regulations. 
The plans review process by the AHJ does not 
relieve the applicant's obligations and respon- 
sibilities for code compliance. 


Permit Issuance 


When the permit application is complete, the 
fees are paid, and the plans review (including 
any amendments to the design) is complete, the 
permit is issued. The permit may be in the form 
of a separate document, sometimes a brightly 
colored card, or may simply be a signed copy of 
the permit application form. See Figure 13-8. 
The permit will often include information about 
each required inspection, such as the timing, se- 
quencing, and elements covered, and a place for 
the inspector's signature. The permit must then 
be posted in a conspicuous location on the job 
site premises for the duration of the project. 


į Building Permits _ 
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Figure 13-8. Building permits include information 
about the construction project and inspections, 
and must be posted in a conspicuous location 
on the job site. 


INSPECTION 


Following installation, and sometimes at in- 
tervals during installation, the contractor or 
owner must contact the AHJ to schedule an 
inspection. An inspector evaluates the instal- 
lation's conformity to application documents 
and applicable codes, laws, and regulations. 
Upon successful completion of all necessary 
inspections, the AHJ issues a certificate of 
approval or completion, authorizing the op- 
eration and connection of the system to other 
electrical systems, as applicable. Copies of 
certificates should be held by the system owner 
for documentation and insurance purposes, as 
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When inspections find a system to be non- 
compliant, the AHJ provides written notice 
of the discrepancies. Final approval is then 
contingent on rectifying the problems and 
passing a follow-up inspection. The AHJ may 
grant extensions to the permit expiration date 
upon request. 

: To facilitate the inspection process, the in- 
staller should have copies of all documentation 
submitted for the permit application on hand, 
including drawings, equipment specifications, 
and manuals. Any changes from the original 
design should be indicated on as-built drawings 
or as modifications to originals. All equipment 
should be accessible to inspectors, particularly 
equipment containing field-installed wiring. 

All aspects of the electrical installation 
governed by codes and standards are subject to 
inspection, including conductor sizes, wiring 
methods, overcurrent protection, and ground- 
ing. For PV systems, most inspectors will 
pay particular attention to general electrical 
workmanship and safety, and the proper ap- 
plication of information and warning labels 
on system equipment. 


Workmanship 


The NEC? requires electrical equipment to be 
installed in a ^neat and workmanlike manner." 
The installation should include structurally 
adequate supports, plumb and level mountings, 
proper conduit bends, and other quality matters 
not otherwise covered by NEC? safety require- 
ments. See Figure 13-9. Since AHJs may inter- 
pret this requirement differently, the National 
Electrical Contractors Association (NECA) 
and industry partners publish standards to help 
define performance and workmanship expecta- 
tions for electrical construction. One example 
is ANSUNECA 1, Standard Practice of Good 
Workmanship in Electrical Contracting. These 
standards are often referenced in contract docu- 
ments to establish installation quality expected 
by engineers, contractors, and customers. 


The AHJ has the responsibility of investigating the causes and 


well as for arranging interconnection approval circumstances of any fires, explosions, or other hazardous 


with the electric utility in the case of interac- 
tive systems. 


conditions affecting public health, safety, or welfare. 
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Figure 13-9. Quality workmanship results in a neat and efficient electri- 
cal installation. 


Working Space 

PV system inspections also ensure that there is 
adequate access and safe working space around 
all electrical equipment. Meeting these require- 
ments can be challenging when installing PV 
system components in buildings with existing 
electrical systems. Building-integrated PV 
systems can also present special challenges. 
Article 110 requires safe access and working 
space be maintained for electrical equipment 
operating at less than 600 V, which covers the 
majority of PV systems. 

Dedicated space is the clear space reserved 
around electrical equipment for the existing 
equipment and potential future additions. For 
indoor installations, dedicated space for electri- 
cal equipment must be equal to the width and 
depth of the equipment and must extend from 
the floor to a height of 6’ above the equipment 
or to the structural ceiling, whichever is lower. 
No piping, ductwork, or other equipment not 
related to the electrical installation shall be 
located in this space. See Figure 13-10. 

Working space is the clear space reserved 
around electrical equipment so that workers can 
inspect, operate, and maintain the equipment 
safely and efficiently. The depth of working space 
is the minimum clear space in front of electrical 
equipment with exposed live parts. This distance 
depends on the nominal voltage of the equipment 
and on whether similar equipment with live parts 
is located on the other side of the space. 
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Figure 13-10. Dedicated space is the clear space 
reserved around electrical equipment for the ex- 
isting equipment and potential future additions. 


For less than 150 V, the clear working space 
must be at least 3' deep. For equipment operat- 
ing between 151 V and 600 V, 3' of depth is 
required if exposed live parts are on only one 
side, 3.5' of depth is required if grounded parts 
are located on the opposite side of the space, 
and 4’ of depth is required if live parts exist on 
both sides of the space. See Figure 13-11. With 
special permission from the AHJ, smaller work- 
ing spaces may be permitted for equipment op- 
erating at no greater than 30 VAC or 60 VDC. 
This provision may apply, for example, to 
small stand-alone PV lighting systems with 
12 VDC or 24 VDC loads. When equipment 
is not permitted to be serviced in an energized 
state, these requirements may not apply. 

The width of the working space in front of 
any electrical equipment shall be at least 30” 
or the width of the equipment, whichever is 
greater. This space may overlap the width of 
working space for adjacent equipment. The 
working space must also allow at least 90° 
openings for any doors or hinged panels on 
equipment. Working heights must be at least 
6.5’ or the height of equipment, whichever is 
higher. At least one entrance of sufficient area 


must be provided for access to working spaces. 
In all cases, storage of materials must not block 
or interfere with safe access to equipment. 
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Figure 13-11. Working space is the clear space 
reserved around electrical equipment so that 
workers can install, inspect, operate, and main- 
tain the equipment safely and efficiently. 


Accessibility 


Accessibility is explicitly covered throughout 
the NEC? and evaluated during electrical 
inspections. There are different meanings for 
accessibility, depending on context. Accessibil- 
ity with regard to equipment means that close 
approach is possible and the equipment is not 
protected by means such as locked doors, fenc- 
ing, or elevation. Accessibility with regard to 
wiring means that the conductors are capable of 
being removed or exposed and are not concealed 
by a building structure or its finish. 

When parts of an electrical installation are 
to be concealed at the completion of construc- 
tion, interim inspections may be scheduled 
to approve this work before covering. For 
example, pre-dry wall inspections are required 
when any electrical or mechanical work will 
become permanently concealed behind walls. 
While this is not typically a concern for retrofit 
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PV installations, it may impact new construc- 
tion when PV systems are installed at the same 
time as the building electrical system. 

When the completed installation restricts 
access to any equipment, wiring systems, or 
equipment labels, the installer should make 
provisions to allow access to these areas for 
inspections. For example, certain PV modules 
may be attached in a way that allows them to 
be easily removed from the array for inspec- 
tion of labels, junction boxes, and grounding 
connections behind them. 


Live Parts 


Live parts are energized conductors and ter- 
minals. Live parts must be protected from 
accidental contact for any electrical equipment 
operating at 50 V or more. This can be ac- 
complished by using approved enclosures and 
conduit, elevating the equipment 8' or more 
from the floor or work surface, or locating the 
equipment in a special room. When live parts 
are installed in protected locations, warning 
signs are required at the entrance prohibiting 
access to unqualified persons. 

For one- and two-family dwellings, access 
to energized PV circuits over 150 V is pro- 
hibited to other than qualified persons. This 
protection can be in the form of enclosures that 
are lockable or require tools for access. Panel 
covers that are readily accessible and can be 
easily opened by unqualified persons do not 
meet these requirements. 

Battery terminals are exposed live parts 
that must be adequately protected to prevent 
accidental contact. This protection includes 
battery or terminal covers, or installing batter- 
ies in enclosures. See Figure 13-12. 


Labels and Marking 


All electrical equipment must have durable 
labels identifying the manufacturer and any 
listing marks or certifications. Article 690, Part 
VI addresses additional marking requirements 
for PV systems. Labels are required for indi- 
vidual components and are typically applied by 
the manufacturer. For example, PV modules, 
inverters, and charge controllers must include 
voltage, current, and power ratings. 
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* Battery Terminal Covers 


Figure 13-12. Aubber or plastic terminal covers 
are used to prevent shorts across battery terminals 
during maintenance. 


Labels are also required at certain points in 
the electrical system to identify the locations, 
purposes, or interfaces of various components. 
These labels are prepared by the installer. The 
labels identify power sources, utility intercon- 
nection information, disconnects, and safety 
hazards. All labels must be visible and acces- 
sible during inspections. 


PV Module Labels. Module labels must 
include the terminal polarity, the maximum 
overcurrent protection device rating, and six 
module performance parameters: open-circuit 
voltage, maximum power (operating) voltage, 
maximum system voltage, maximum power 
(operating) current, short-circuit current, and 
maximum power. See Figure 13-13. Additional, 
but not required, information may include al- 
lowable conductor types and sizes, temperature 
ratings, and terminal torque specifications. 

AC module labels must identify the ter- 
minals and ratings for nominal operating AC 
voltage and frequency, maximum AC power 
and current, and maximum overcurrent protec- 
tion device rating. 


Array-Disconnect Labels. The array (DC) 
disconnect must be clearly identified on a per- 
manent and easily visible label. Since the array 
is a power source, its operating parameters must 
also be included on the disconnect labeling. 
The label must include the maximum power 
(operating) current, maximum power (operat- 
ing) voltage, maximum system voltage, short- 
circuit current, and rated output for charge 
controllers (if installed). See Figure 13-14. 
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Figure 13-13. PV module labels must include 
terminal polarity information and ratings for volt- 
age, current, and power. 


AC-Disconnect Labels. AC disconnects 
must be clearly identified and include criti- 
cal circuit information. A visible label must 
include the maximum AC output current and 
the operating AC voltage. See Figure 13-15. 
This information is obtained from inverter 
specifications. 

Additionally, when all terminals of a 
disconnect device may remain energized in 
the open position, the device must include a 
warning sign. The sign shall be clearly legible 
and have the following words or equivalent: 
"WARNING —ELECTRIC SHOCK HAZ- 
ARD. DO NOT TOUCH TERMINALS. 
TERMINALS ON BOTH THE LINE AND 
LOAD SIDES MAY BE ENERGIZED IN 
THE OPEN POSITION.” This is especially 
important for AC disconnects in interactive 
systems and for battery bank disconnects be- 
cause there are power sources on both sides of 
the disconnects. 


| PHOTOVOLTAIC ARRAY 
| DC DISCONNECT SWITCH 
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Figure 13-14. A label indicating the operating cur- 
rent, operating voltage, maximum system voltage, 
and short-circuit current must be displayed at the 
DC disconnect of a PV array. 


Point-of-Connection Labels. For interactive 
systems, a label must be located at the point of 
interconnection and must identify the system as 
interconnected with utility service. This point-of- 
connection identification will likely be in addi- 
tion to other AC disconnect label requirements. 
The point-of-connection label may be at a back- 
fed circuit breaker in the main power distribution 
panel or at an AC disconnect switch. 


Battery-System Labels. For PV systems with 
batteries or other forms of energy storage, sys- 
tem labels must indicate the maximum operating 
voltage, equalization voltage (if applicable), and 
the polarity of the grounded circuit conductor 
(typically the negative conductor). Additional 
information such as the nominal voltage or 
capacity may be included on this label. See 
Figure 13-16. Additional warning labels about 
chemical safety are recommended. 


ACD cones Labels 
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Figure 13-15. Labels identifying the PV system 
as a power source and including its maximum 
output operating current must be posted at the 
AC disconnect of a PV system. 


t Battery-System Labels 
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Figure 13-16. PV systems with batteries must 
have labels indicating the battery maximum op- 
erating voltage, equalization voltage, and polarity 
of the grounded circuit conductor. 
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PV systems may include optional watt-hour meters in addition 
to the utility service meter. These may be used for monitoring, 


production incentive metering, or other purposes. It is best 
practice to label each meter with its purpose to avoid confu- 
sion with required metering devices. 


Power-Source Identification. For stand-alone 
PV systems, a permanent plaque or directory 
must be installed on the exterior of the struc- 
ture identifying the presence of a stand-alone 
electrical system and indicating the location 
of the system disconnects. 

For interactive systems, a permanent direc- 
tory must indicate the locations of the service 
disconnect and the PV-system disconnect, 
if they are not located together. This safety 
requirement is in place to alert emergency 
and maintenance personnel to the presence 
of other power sources when utility service is 
disconnected. 


Ground-Fault-Indicator Labels. Ground- 
fault indicators require labels for PV arrays 
mounted to roofs. These labels should be locat- 
ed near the ground-fault device and must state 
the following: "WARNING —ELECTRIC 
SHOCK HAZARD. IF A GROUND FAULT 
IS INDICATED, NORMALLY GROUNDED 
CONDUCTORS MAY BE UNGROUNDED 
AND ENERGIZED.” 


Ungrounded-System Labels. In addition to 
any other required labels, special warnings 
must be applied to ungrounded systems. In an 
ungrounded system, leakage currents below the 
level required to trip the ground-fault device 
may be present on the conductors, presenting 
an electrical shock hazard. For this reason, un- 
grounded systems must be labeled with the fol- 
lowing: “WARNING — ELECTRIC SHOCK 
HAZARD. THE DC CONDUCTORS OF 
THIS PHOTOVOLTAIC SYSTEM ARE UN- 
GROUNDED AND MAY BE ENERGIZED.” 
This warning must be displayed at each junc- 
tion box, combiner box, disconnect, and any 
other device where ungrounded conductors 
may be exposed during service. 


Single 120 V Supply Labels. Stand-alone 
inverters with 120 V output are permitted 
to supply 120/240 V distribution panels, but 


no 240 V loads or multiwire branch circuits 
may be connected. The panelboard must be 
marked with the following label or equivalent: 
“WARNING —SINGLE 120-VOLT SUPPLY. 
DONOTCONNECT MULTIWIRE BRANCH 
CIRCUITS.” See Figure 13-17. 


*- Single 120 V Supply Labels 


© BACKUP PANELBOARD 
CRITICAL LOADS 


we 


Figure 13-17. Single 120 V supply panelboards 
must be marked to prohibit connection of multi- 
wire or 240 V branch circuit loads. 


Operating Parameters. Additional recom- 
mended labels include operating, maintenance, 
or extra safety information. See Figure 13-18. 
Examples include charge controller and in- 
verter setpoints and maintenance schedules, 
and the name and contact information of the 
system installer. 


t Maintenance Labels 


Figure 13-18. Maintenance or operation labels 
are recommended for detailing nominal equip- 
ment settings and adjustment procedures. 
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Inspection Checklist 


An inspection checklist provides an extensive 
list of code references for PV systems based 
on the NEC? and industry standards. NEC? 
section citations are included for reference. 
However, since code numbers can change 
with cycle revisions, the citations may need 
to be updated. A general inspection checklist 
is not intended to include every applicable 
requirement, but can be a useful guide to com- 


mon PV system issues for inspectors, as well 
as PV system designers, installers, operators, 
and owners. 

Also, since many component installation 
practices are governed by equipment manu- 
facturer's instructions, the inspector should 
reference these materials as well as other 
documentation (schematics and equipment 
specifications) as part of a plans review or an 
in-field inspection. 


. Summary 


* Building codes are applicable to the construction and electrical aspects of PV systems, just as for any other 
project. 


e A building code must be adopted by the local jurisdiction to apply and be enforceable. 


* The authority having jurisdiction (AHJ) approves equipment, materials, installations, and procedures by 
issuing permits, conducting inspections, and granting certificates of approval or occupancy. 


e The use of approved equipment is required by the NEC? and facilitates the plans review, permitting, and 
field inspection processes. 


e Underwriters Laboratories is the best-known NRTL and provides several types of certification marks, each 
with specific meaning. 


e All electrical work should be performed by qualified persons. 


e In some states, it is illegal for covenants or neighbors to restrict the solar resource to a person's property or 
to prohibit the installation of renewable energy systems. 


e Building permits issued by city or county building departments authorize construction work to begin and 
establish the inspection requirements. 


* Permit applications require certain information about the scope and specifications of the work, typically 
including the construction tasks, location, permit applicant, expiration date, and inspection requirements. 


e If any portion of an electrical design is determined to be noncompliant with the applicable standards during 
a plans review, corrected designs must be resubmitted. 


e The permit must be posted in a conspicuous location on the job site premises for the duration of the project. 

* Following installation, and sometimes at intervals during installation, the contractor or owner must notify 
the AHJ to schedule an inspection. 

e An inspector evaluates the conformity of an installation to applicable codes, laws, and regulations. 

e PV system inspections ensure that there is adequate access and safe working space around all electrical 
equipment. 

e All electrical equipment must have labels identifying the manufacturer and any listing marks or certifications. 

e Labels are required at certain points in the electrical system to identify the locations, purposes, or interfaces 
of various components, and are prepared by the installer. 

e Aninspection checklist provides an extensive list of code references for PV-systems based on the NEC? and 
industry standards. 
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Definitions 


* Abuilding code is a set of regulations that prescribes the materials, standards, and methods to be used in the 
construction, maintenance, and repair of buildings and other structures. 


* A model building code is a building code that is developed and revised by a standards organization indepen- 
dently of the adopting jurisdictions. 


* Anauthority having jurisdiction (AHJ) is an organization, office, or individual designated by local govern- 
ment with legal powers to administer, interpret, and enforce building codes. 


* Aplans examiner is a local official qualified to review construction plans and documentation for compliance 
with applicable codes and standards. 


* An electrical inspector is a local official qualified to evaluate electrical installations in the field for compli- 
ance with applicable codes and standards. 


* A nationally recognized testing laboratory (NRTL) is an OSHA-recognized, accredited safety testing or- 
ganization that certifies equipment or materials to meet applicable standards. 


* Listing is the process used by an NTRL for certifying that equipment or materials meet applicable standards. 


* A qualified person is a person with skills and knowledge of the construction and operation of electrical 
equipment and installations and is trained in the safety hazards involved. 


* A construction bond is a contract in which a surety company assures that a contractor will complete their 
work in accordance with contracting laws. 


* Apermit is permission from the AHJ that authorizes construction work to begin and establishes the inspec- 
tion requirements, but does not represent an approval of compliance with codes and standards. 


* A plans review is an evaluation of system-design documentation as part of the permitting process. 


* Dedicated space is the clear space reserved around electrical equipment for the existing equipment and 
potential future additions. 


* Working space is the clear space reserved around electrical equipment so that workers can inspect, operate, 
and maintain the equipment safely and efficiently. 


Review Questions 


1. Why are applicable building codes sometimes different between local jurisdictions? 
2. Who is responsible for ensuring that building codes are followed properly? 


3. Explain the difference between products bearing the UL Listing Mark and those bearing the UL Classified 
Mark. 


4. How does contractor licensing improve the likelihood of quality installations? 
5. What types of documents are commonly required for permit applications? 
6. Explain the difference between dedicated space and working space. 


7. How can inspection checklists be used by installers prior to the PV system-inspection by the AHJ? 


Phetovoltale Systems 
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| 
a 
- . Chapter Objectives 


e Describe the steps involved with commissioning a new PV system. 
Identify the maintenance tasks involved with maximizing array output, battery health, and other equipment 


* Compare the various methods of monitoring system parameters for performance verification and 


troubleshooting. 
« Troubleshoot PV systems based on a logical and efficient process. 


+ 
operation. 
° Develop a maintenance plan based on system configuration, installation, and location. 
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COMMISSIONING 


Once a PV system has been installed, in- 
spected, and approved, it can then be com- 
missioned. Commissioning is the starting and 
operation of a PV system for the first time. 
Commissioning is also the time when the in- 
staller formally transfers responsibility for the 
system to the owner or operator, and marks 
the completion of the installation contract. 
Any warranties or service agreements should 
be finalized at commissioning. 

The requirements for commissioning vary 
depending on the complexity of the system, 
though some general guidelines apply to most 
situations. 


Final Checkout 


Before any PV system is fully operated for 
the first time, the system should be checked 
thoroughly to ensure that the installation is 
complete and that the system is safe and ready 
for operation. A final checklist includes many 
of the same items as on maintenance, testing, 
and inspection checklists. See Figure 14-1. 
All disconnects should be in the open (OFF) 
position during the final checkout. 


t Commissioning Checklist 
O Installation conforms to system design 
documents 


O Conductors are of appropriate types 
and sizes 


O Wiring is correct, protected, and secure 

L1 Terminal connections are tight and 
properly identified 

L] Equipment is securely mounted 

DI Array mounting system is secure 


L1 Roof penetrations are properly weather 
sealed 


O Safety features are installed and operational 


CJ Applicable warning and operational labels 
are posted 


LJ Job site is clean, neat, and orderly 
C] Documentation package is complete 


Figure 14-1. A commissioning checklist should 
be reviewed before the initial startup of any PV 
system. 


tasks include setting and adjusting parameters on 
inverters or charge controllers. 


Final checkout should include attention to 
details associated with a neat and professional 
installation. All tools and debris should be 
removed from the site and the area cleaned. 
The customer's property should be restored to 
its original condition or better. Any property 
belonging to the customer that is damaged 
during the installation must be repaired or 
replaced at the installer's expense. 


Initial Startup 


The initial startup is the first time that all the 
system components are energized. A general 
Start-up procedure begins at the array and 
ends at the loads. If there are any installation 
problems, this reduces the chances of causing 
safety hazards and damaging equipment. One 
at a time, each disconnect is closed and each 
component is switched ON, and voltage and 
current are compared with expected values. 
See Figure 14-2. (Array and battery bank 
voltages should be confirmed before closing 
their disconnects.) Meters, indicators, and 
displays on charge controllers and inverters 
are used for measuring and verifying system 
parameters. If at any step the system param- 
eters are outside of the acceptable range, the 
startup should be aborted and troubleshooting 
procedures should be used to find the cause 
of the problem. 
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+ General Start-Up Procedure — 


UTILITY 


CLOSE AC 
DISCONNECT 


2 CLOSE ARRAY 
DISCONNECT 


AC POWER 
DISTRIBUTION 
PANEL 


INVERTER 


COMBINER 
BOX 


CLOSE 
BATTERY BANK 


Figure 14-2. A general start-up procedure begins at the array and ends at the loads, though exact procedures may differ. 


It is critically important to review all equip- 
ment documentation for any special start-up 
procedures. Improper startup may cause safety 
hazards, component damage, or impaired 
performance. Some component manufactur- 
ers specify variations on the general start-up 
procedure, which should always be followed. 
For example, some interactive inverters require 
that connections be made in a certain sequence 
to properly synchronize with utility-supplied 
power. The manual details each step and typi- 
cally includes troubleshooting procedures for 
out-of-range results. 

The voltage and current measurements tak- 
en during the initial startup should be recorded 
and kept with the other system documentation. 
These measurements serve as a baseline that 
will be helpful for subsequent maintenance 
and troubleshooting tasks. 


System Documentation 

A complete documentation package should 
be assembled and given to the customer at the 
time of commissioning. The package should 
include system and equipment manuals, 
permitting documents, and any warranty Or 
service information. 


CONTROLLER 
DISCONNECTS 


ENERGIZE 


CHARGE 
CONTROLLER 


Comprehensive manuals for package sys- 
tems, such as those pre-engineered by an in- 
tegrator, may be available. System manuals 
generally include safety requirements, elec- 
trical and mechanical drawings, parts lists 
with sources, system warranty information, 
and procedures for operation, maintenance, 
and troubleshooting. A documentation 
package should include the manuals for all 
major components, including PV modules, 
inverters, and charge controllers. Copies of 
permits, certificates of inspection, and utility 
interconnection agreements should also be 
included. These documents, in addition to 
installation contracts, may be required for 
insurance or financing purposes. 

Original documentation should be kept 
in a safe place where it will not be easily 
damaged, but will always be available. If it 
is desired that operating or servicing instruc- 
tions be posted, copies rather than original 
documents should be used in order to avoid 
loss or damage of the original documents. 
The installer should also retain copies of 
all documentation provided to the owner to 
aid with any warranty claims or follow-up 
service. 


KB CLOSE CHARGE 
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ees: s Maintenance Safety 


Proper safety precautions must be taken during all aspects of PV-system installation, opera- 
tion, maintenance, and troubleshooting. These tasks can expose personnel to electrical, 
chemical, explosion, fire, exposure, and ergonomic hazards. Qualified persons have a thor- 
ough understanding of the equipment and procedures involved, and the skills and knowledge 
to recognize and mitigate the associated safety hazards. Specific safety regulations and 
standards required for construction and maintenance activities are covered in OSHA regula- 
tions 1926 and 1934 and NFPA 70E, Standard for Electrical Safety in the Workplace. 

Depending on the system and the task, special tools and equipment, fall protection, and 
personal protective equipment (PPE) may be required. PPE includes face shields, safety 
glasses, hoods, helmets, harnesses, footwear, and clothing appropriate for the tasks to be 
conducted. Additional safety equipment may be permanently installed with the PV system, 
such as fire extinguishers and smoke detectors. 

All sources of power should be disconnected, de-energized, or disabled before con- 
ducting any maintenance on electrical equipment. If tasks require working on energized 
equipment, special PPE must be used. It is highly recommended to work with a partner, 


especially around hazards. 


User Training 


Installers should provide operation and some 
maintenance training to the PV-system owner. 
The appropriate level and amount of training will 
vary depending on the type of system, the capa- 
bilities of the owner/operator, and the owner's/ 
operator's expected involvement with the system. 
Ata minimum, the owner should understand the 
overall functions of system components, prin- 
ciples of operation and safety, and maintenance 
requirements. Means of disconnecting the system 
should be demonstrated, and the owner should 
be given clear instructions about what to do or 
who to contact if service is required. 

For relatively simple residential interactive 
systems, user training may require only a short 
walkthrough. See Figure 14-3. If the customer 
observes much of the installation and commis- 
sioning processes, additional training time may 
not be required. 

For stand-alone and hybrid systems, ad- 
ditional training on safety and maintenance 
requirements is recommended, particularly 
regarding batteries, charge controllers, en- 
gine generators, dedicated electrical loads, 
and other equipment as applicable. Energy- 
management training is especially important 
for stand-alone systems. The customer must 
be aware that excessive load usage may result 
in overdischarged batteries and failure to meet 
system load requirements. 


i Customer Walkthrough 


Figure 14-3. A detailed walkthrough allows the 
installer to explain the basic operation of the PV 
system and the maintenance requirements to 
the owner. 


In addition to required system labeling, 
posting line diagrams, operating procedures, 
and programming instructions near key com- 
ponents can be very helpful when explaining 
system operation during user training, and for 
maintenance and troubleshooting tasks after- 
ward. The installer should also review the con- 
tents and key sections of system documentation 
with the customer. Quality documentation 
greatly facilitates user training and allows the 
owner to continue learning about the system 
after the commissioning. 


System Warranties 


Major components such as PV modules, invert- 
ers, charge controllers, and batteries typically 
include warranties from the manufacturer. Some 
integrators and installers offer additional warran- 
ties on selected subsystems or the entire system. 
Terms vary widely regarding what is covered 
by a warranty and the length of time a system 
or component is covered. Installers may also 
extend warranties by offering a service contract. 
Local contractors may work under an agreement 
with a large national integrator that backs war- 
ranty claims for systems and major components 
installed by its recognized installers. 

The installer should discuss and clarify all 
warranties with the system owner at the time 
of commissioning. This includes the method 
and manner in which the warranties are exer- 
cised, such as through the installer or dealer or 
directly with the product manufacturer. 


MAINTENANCE 


Most PV systems require relatively little 
maintenance, especially when designed ap- 
propriately for the application and installed 
according to best practices and with quality 
components. However, a modest investment in 
periodic inspections and maintenance ensures 
safety and the best possible performance. Rou- 
tine maintenance also helps identify problems 
that require corrective service. 

The degree and frequency of maintenance 
required depends on the system configura- 
tion, installation type, and location. Interactive 
systems require the least maintenance, while 
stand-alone and hybrid systems, because of 
the inclusion of batteries or additional power 
sources, require maintenance that is more exten- 
sive and frequent. Manufacturers may provide 
maintenance guidance or procedures in their 
component instructions. 

Simple and nonhazardous maintenance can 
sometimes be performed by the system owner. 
Advanced maintenance, including troubleshoot- 
ing and equipment replacement, may require the 
experience and expertise of a qualified installer 
or service technician familiar with PV systems, 
components, and proper safety procedures. 
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SPG Solar, Inc. 


Array maintenance includes cleaning performance-reducing dust and dirt from 


the module surface. 


Operating manuals, electrical diagrams, programming in- 
structions, and troubleshooting procedures for PV modules, 


inverters, charge controllers, batteries, and other major system 
components are usually available on-line from the manufac- 
turers' web sites. 


Array Maintenance 


Common maintenance tasks for arrays include 
module inspections, shading control, debris 
removal, array mount inspections, and tilt 
adjustments. For activities involving working 
around or touching modules, the array should 
be disabled by covering the modules or open- 
ing the array disconnect. 


Module Inspection. Modules should be visu- 
ally inspected for signs of any physical dam- 
age, including bent frames or broken glass. See 
Figure 14-4. Fractured or damaged modules 
should be replaced, even if they are still func- 
tioning electrically. If a damaged module is 
left in service, moisture may enter the module, 
causing dangerous shorts or ground faults. 
Most modules use tempered glass, which 
shatters into small pieces when broken from 
stress or impact. 

Delamination is the separation of the 
bonded layers of glass and/or plastic encasing 
the PV cells of a module. Delamination allows 
moisture intrusion and corrosion within mod- 
ules, particularly near the edges. This is visible 
as discolorations or bubbles in the laminate. 
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BURNED CONNECTIONS 


Figure 14-4. Visual module inspections involve 
checking for damage from physical impacts, de- 
lamination, burned internal connections, and other 
problems. 


In rare cases, the internal solder connec- 
tions between cells can degrade. The increased 
resistance causes hot spots that can burn 
through the back of the module and result in 
module failure. Problems internal to a module, 
such as delamination or degradation of cell 
connections, are typically covered under the 
manufacturer's warranty. 


When module junction boxes have remov- 
able covers, a few modules should be randomly 
chosen at each inspection and checked for 
secure wiring and moisure intrusion into the 
junction box. Any exposed conductors should 
have proper strain relief and should be neatly 
tied and concealed beneath the array. Conduit 
and fittings should be inspected for damage. 

Equipment-grounding connections at each 
module should be inspected for corrosion. See 
Figure 14-5. This type of corrosion usually 
results from the contact of incompatible met- 
als, so any connections exhibiting corrosion 
should be replaced with the proper stainless- 
steel fasteners. 


Corroded Grounding Connections 


usually result from the contact of incompatible 
materials or extreme environments. 


Shading Control. Even a relatively small 
amount of shading on the array can signifi- 
cantly reduce electrical output. The shading 
analysis conducted during the site survey 
establishes the optimal location with the least 
shading. However, some conditions can change 
over time, resulting in increased array shading. 
See Figure 14-6. Routine maintenance may be 
required to control excessive shading. 


The growth of nearby trees and vegetation is 
an ongoing shading concern. Ground-mounted 
arrays may also be susceptible to shading from 
shrubs or long grass. These plants should be 
trimmed or mowed on a regular basis. The 
planting of trees or erection of new buildings 
or structures on adjacent properties may also 
result in additional array shading. A few mu- 
nicipalities and states have enacted legislation 
that protects the solar rights of property owners 
against excessive shading from adjacent prop- 
erties, but in most areas there are few remedies 
to this situation. 


L Shading 


Control 


SOILING 
Figure 14-6. Periodic shading control involves 
trimming vegetation and cleaning a soiled array. 


Excessive soiling can also cause shading. 
Soiling is the accumulation of dust and dirt 
on an array surface that shades the array and 
reduces electrical output. Soiling deposits may 
result from bird droppings, nearby industrial 
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The amount of soiling on an array depends 
on the location. Arrays mounted near dirt roads 
or in dusty and windy areas are more likely to 
become soiled. Arrays mounted next to busy 
roadways or airports may become soiled with 
hydrocarbon emissions and grime. However, 
even where conditions are likely to cause soil- 
ing, frequent heavy rainfall and/or a high array 
tilt will tend to keep modules cleaner. 

Soiled arrays can be cleaned by spraying the 
modules with a garden hose or pressure washer 
(with relatively low pressure). If material is stuck 
on a module, a soft brush and/or a light detergent 
may also be needed. A long-handled nonconduc- 
tive brush makes it easier to reach all areas of 
the array surface. Direct contact with energized 
modules while washing must be avoided. 


Debris Removal. Leaves, trash, or other debris 
should not be permitted to collect around arrays 
or any other electrical equipment. When dry, 
these materials are a fire hazard. When damp, 
they attract insects and can contribute to mold 
or mildew problems. See Figure 14-7. In humid 
climates, mildew can develop in the shaded por- 
tions of a roof under standoff-mounted arrays. 


Figure 14-7. Damp leaf debris trapped under ar- 
rays can cause mold and mildew problems. 


Possible contact between modules and flammable materi- 


issi i ther atmo- eE : : 
emissions, smoke, dust, dirt, "uio als, such as dry leaves or building materials, is the reason 


spheric particles that settle on the array surface. 
Extensive soiling can reduce array output by 
10% or more. 


that ground-fault protection is required for arrays mounted 
on buildings. 
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Debris can be removed by hand or with a 
garden hose when cleaning soiled arrays. A 
mildew cleaner or weak bleach solution can 
be used to control mold and mildew. When 
using bleach or any sort of cleaning solution, 
only the recommended concentrations should 
be used, and any components or plants exposed 
to the runoff should be protected or thoroughly 
rinsed afterward. 


Array Mount Inspection. Array mounts 
should be inspected for any signs of corrosion or 
weakness. The inspection should include both 
the attachment of the modules to the mounting 
structure and the attachment of the mounting 
structure to the buildings or ground. 


Special attention should be paid to the 
weather sealing of roof penetrations from 
mounting attachment points and conduits. 
Sealant cracks or shrinkage, broken gaskets, 
and corroded metal flashings are all signs 
of weather sealing degradation, which can 
quickly result in water leaks. See Figure 14-8. 
Inspecting the underside of the roof from the 
attic (if accessible) may reveal minor water 
leaks not previously discovered. Water stains, 
soft or rotten wood, constant dampness, or 
insect infestation indicate possible roof leaks. 
Even if leaks are not found, any degradation 
of weather sealing should be promptly cor- 
rected by removing the old sealant materials 
completely and applying new sealant. 


Figure 14-8. Cracked or deteriorated weather sealing around attach- 
ment-point penetrations can quickly develop water leaks. 


Tilt Adjustment. Some mounting systems 
allow manual tilt adjustments to optimize ar- 
ray orientation. If adjustments are to be made 
seasonally, they can coincide with the biannual 
inspection and maintenance activities. Tilt ad- 
justments may involve removing and replacing 
pins, fasteners, or clamps. The array must be 
properly supported and secured during and 
after adjustments. 


Battery Maintenance 


Batteries are usually the most maintenance- 
intensive components in any PV system. 
Regular maintenance is important to maxi- 
mizing battery life and minimizing hazard- 
ous conditions, though requirements vary 
significantly depending on the battery design 
and application. Open-vent batteries are the 
most maintenance-intensive type of batteries 
because they need periodic water additions 
and cleaning. Sealed batteries require much 
less maintenance. 

Battery maintenance tasks include cleaning, 
tightening terminals, watering, and checking 
battery health and performance. Performance 
checks include specific gravity measurements, 
load tests, and capacity tests. 

Battery manufacturers usually provide 
detailed maintenance recommendations for 
their batteries. For more information, IEEE 
450, Recommended Practice for Maintenance, 
Testing, and Replacement of Vented Lead-Acid 
Batteries for Stationary Applications is a use- 
ful guide for servicing batteries. 

Safety is of the utmost importance when per- 
forming battery maintenance. The battery bank 
should be isolated from the remainder of the 
system by opening the battery-bank disconnect. 
For battery banks greater than 48 V nominal, 
special disconnects are required to electrically 
divide the battery banks into lower-voltage 
sections for maintenance. Special insulated 
tools must be used when battery terminals are 
exposed during maintenance. 


Battery Enclosure Inspection. The battery 
enclosure should be visually inspected for 
signs of electrolyte leakage, corrosion, or 
damage. Racks should be checked for ad- 
equate structural support, as well as proper 


placement of any straps or rails that hold 
batteries in place. See Figure 14-9. Trays 
should be checked for proper positioning 
beneath batteries. Also, the battery enclosure 
must have adequate ventilation. Obstructions 
that prevent airflow or otherwise clutter areas 
around the battery bank should be removed. 


* Battery Enclosures. 


Figure 14-9. Battery enclosures should be in- 
spected for strength, cleanliness, and adequate 
ventilation. 


Individual battery cases should be inspected 
for any cracks or distortion, as well as the 
cleanliness of the top surface near the terminals 
and vents. If battery racks, trays, or cases need 
cleaning, a mild soap and water solution may 
be used with a soft brush or rag. 


Terminal Inspection. Since battery terminals 
are made of soft lead alloys, the connections 
at the terminals can become loose over time. 
Loose connections increase the electrical 
resistance and voltage drop within the battery 
bank, resulting in unequal charge and dis- 
charge currents between individual batteries 
or cells. The high resistance also creates heat, 
which is a fire hazard, and in severe cases can 
overheat the battery-terminal connection until 
it deforms or melts. 
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Batteries contain toxic materials and must be disposed of 
properly. Fortunately, nearly all of the materials in a lead-acid 


battery can be recycled. Batteries are typically accepted for 
recycling by battery manufacturers and retailers, recycling 
centers, and hazardous waste collectors. 


Regular battery maintenance should include 
checking all terminal connections for looseness 
or corrosion. Any connections that move when 
pulled on vertically must be tightened. (Termi- 
nals should not be pulled laterally or twisted 
because internal battery components could be 
damaged.) Lock washers can be used with bolted 
battery terminals to prevent future loosening. 
The crimped lugs on battery cables should also 
be checked. 

Any corrosion on battery terminals or con- 
nectors should be cleaned with a wire brush. 
See Figure 14-10. A weak solution of baking 
soda and water may be used to wipe down 
the terminals and top surfaces of open-vent 
lead-acid batteries as needed. Special care 
should be taken to ensure cleaning solutions 
do not enter battery cells. Terminals can be 
coated with petroleum jelly, grease, or spe- 
cial battery-terminal corrosion inhibitors as 
required. Also, check for adequate protection 
of live battery terminals, including boots or 
battery covers. 


£ Battery-Terminal Cleaning 


EPI 


Figure 14-10. Battery terminals are particularly 
susceptible to corrosion and may require frequent 
cleaning. 
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Routine battery maintenance should include inspection of the 
safety and auxiliary equipment, including personal protective 


equipment (PPE), fire extinguishers, smoke detectors, ventila- 
tion equipment, and battery-testing tools and instruments. 


Watering. The electrolyte in flooded, open- 
vent batteries must be maintained at proper 
levels by periodically adding water. This 
replaces water lost through battery gassing 
during charging. Water additions are required 
for both flooded lead-acid and flooded nickel- 
cadmium batteries. Pure, distilled water is 
recommended. Any salts and minerals dis- 
solved in the water, even at relatively low 
concentrations such as in hard water from a 
domestic water supply, will slowly degrade a 
battery. Under no circumstances should acid 
(or base, for nickel-cadmium batteries) be 
added to refill a battery. 

The level of electrolyte must not be allowed 
to fall below the tops of the battery plates. Ex- 
posed portions of the plates will oxidize, leading 
to premature capacity loss and battery failure. If 
the plates are exposed, water should be added 
to cover the plates. Because the electrolyte ex- 
pands and the level rises slightly as the battery 
charges, batteries should only be completely 
filled or topped off after they are fully charged. 
Otherwise, the battery may overflow electrolyte 
from the cell vents when charged. 

The frequency of watering required de- 
pends on a number of factors. The rate of 
water loss increases with battery age, higher 
charge rates, higher regulation voltage, and 
higher operating temperature. Watering 
intervals may be extended when batteries 
have reserve electrolyte capacity. Advanced 
multistage charge control and temperature 
compensation reduces water loss. Exces- 
sive water loss may be due to unnecessarily 
frequent charging cycles caused by a faulty 
charge controller, failed temperature com- 
pensation, or an improper regulation setpoint. 
Comparatively low water loss in individual 
cells indicates a weak or failing cell. The cell 
may need either an equalization charge or to 
be replaced. 

The electrolyte level is checked by remov- 
ing the cell vent caps and comparing the level 


with respect to an established mark. A small 
flashlight is helpful to see inside the battery. 
Alternatively, if the battery case is partially 
transparent, it may be possible to see the elec- 
trolyte level from the outside. See Figure 14-11. 
Some batteries include an electrolyte level 
gauge that does not require cap removal. 
This gauge is a tiny captured float in contact 
with the electrolyte surface. When the float is 
visible from above through a clear window in 
the cap, the electrolyte level is adequate. When 
the electrolyte falls enough that the float can- 
not be seen in the window, the electrolyte is 
too low. 


į Checking Electrolyte Levels 


\ 
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Figure 14-11. Battery maintenance includes 
checking for an adequate level of electrolyte. 


Water is added directly to cells through the 
vent caps. Care should be taken not to overfill 
the cells. A funnel or large syringe can be used 
to add water to cells with small openings. See 
Figure 14-12. A special watering can with a 
valve on the spout to prevent against overfill- 
ing may be used. Large battery banks may use 
automated watering systems to administer water 
to each cell through a network of plastic hoses. 
The date and amount of water added to each cell 
should be recorded in maintenance records. 


Specific Gravity Measurement. The specific 
gravity of the electrolyte in open-vent bat- 
teries should be checked as part of a regular 
maintenance schedule, and more often if 
problems are suspected. Specific gravity can 
be used to estimate battery state of charge 


in lead-acid batteries (though not in nickel- 
cadmium batteries). Open-circuit voltage can 
also be measured and used in conjunction 
with specific gravity to estimate battery state 
of charge. See Figure 14-13. With either 
method, state of charge is most accurate when 
the battery has been at steady-state (neither 
charging nor discharging) for 5 min to 
10 min. After watering, specific gravity 
should not be measured until a charging cycle 
has mixed the electrolyte. 


£ Watering —— 


Figure 14-12. Battery watering replaces water 
lost from gassing during charging. 


* Battery State of Charge Measurements" 


STATE OF ELECTROLYTE OPEN-CIRCUIT | 
CHARGE SPECIFIC GRAVITY VOLTAGE 
100% 1.265 12.6 
75% 1.225 12.4 
50% 1.190 12.2 
25% 1.155 12.0 
0% 1.120 11.8 


* for lead-acid batteries at 25°C 


Figure 14-13. Battery state of charge can be 
related to both specific gravity and voltage. 


When taking specific gravity readings, the 
variations between cells are as important as 
the overall average of the readings. Signifi- 
cantly low specific gravity of individual cells 
indicates cell failure or shorts, which likely 
requires battery or cell replacement. When 
variations between individual cells are small 
(within +0.004), an equalization charge may 
be required. 
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A hydrometer is an instrument used to mea- 
sure the specific gravity of a liquid. Two types 
of hydrometers used with battery electrolyte are 
the Archimedes hydrometer and the refractive 
index hydrometer. See Figure 14-14. 

An Archimedes hydrometer is a bulb-type 
syringe that extracts electrolyte from the battery 
cell into a chamber. A float in the chamber expe- 
riences a buoyant force equivalent to the weight 
of the displaced electrolyte. Consequently, the 
float is more buoyant at higher specific gravities 
and floats at a higher level. The float may be a 
glass tube, plastic ball, or a lever attached to the 
side of the chamber. Marks on the side of the 
float or chamber are calibrated to indicate the 
specific gravity directly. 


« Hydrometers — 


REFRACTIVE INDEX HYDROMETER 


Figure 14-14. Either one of two types of hyarom- 
eters can be used to measure the specific gravity 
of battery electrolyte. 
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A refractive index hydrometer, also called 
a refractometer, uses a prism to measure the 
refractive index of the electrolyte, which is 
related to specific gravity. The refractive index 
is the amount that a substance bends light that 
passes through it. A small drop of electrolyte 
is placed on the prism, and light refracts at an 
angle related to the density and specific grav- 
ity of the electrolyte. The user then observes 
the refracted light though a viewfinder on a 
scale calibrated in specific gravity units. See 
Figure 14-15. The main advantage of a refrac- 
tive index hydrometer is that only a very small 
amount of electrolyte is required. 


« Refractive Index Hydrometer Scale 


BATTERY 
FLUID d3 


Figure 14-15. When viewing through a refractive index hydrometer, the 
specific gravity of the tested fluid is measured against a calibrated scale. 


Hydrometer markings are calibrated to a 
specific temperature, typically 80°F (27°C). 
When specific gravity is measured at tem- 
peratures lower or higher than the reference 
temperature, a correction factor must be ap- 
plied. First, the temperature of the electrolyte 
must be accurately measured. The adjustment 
of the specific gravity reading is based on the 
difference between the measured temperature 
and the reference temperature. A standard cor- 
rection factor of 0.004 specific gravity units, 
often referred to as “points,” is applied for 


every 10°F (5.6°C) difference. This correction 
factor applies regardless of the reference tem- 
perature of the hydrometer. Points are added 
for temperatures above the reference tempera- 
ture and subtracted for temperatures below 
the reference temperature. For example, at 
90°F (32°C), a hydrometer reading of 1.250 
would be corrected to 1.254. Conversely, at 
70°F (21°C), a hydrometer reading of 1.250 
would be corrected to 1.246. 


Load Testing. The ability of a battery to 
maintain voltage while under load is another 
indication of battery condition. While a de- 
graded battery may accept a charge, it may 
not perform well under load. A battery load 
tester is a test instrument that indicates battery 
health by drawing a high discharge current 
from a battery for a short period. The load 
is typically drawn at a rate of C/1 or greater 
for no more than 15 sec. At the same time, 
battery voltage is measured and recorded. A 
minimum voltage of 9.6 V for a nominal 12 V 
lead-acid battery is considered acceptable for 
this test. Results should be recorded in a log, 
which helps identify long-term trends. 


Capacity Testing. Available battery capac- 
ity can be measured by load testing at rates 
comparable to those during normal system 
operation. Starting with a fully charged bat- 
tery bank, the array is disconnected, but the 
system load is left connected. At regular in- 
tervals, such as every hour, the battery voltage 
and load current are measured and recorded. 
The load remains connected until the battery 
reaches the cutoff voltage. The total capacity 
is equal to the average load current multiplied 
by the discharge time. For example, a battery 
that is discharged at an average of 10 A for 
8 hr delivers 80 Ah. After a capacity test, the 
load should be left disconnected and the ar- 
ray or an auxiliary charging source connected 
until the battery regains full state of charge. 


Electrical Equipment Maintenance 


Routine maintenance should include visual 
inspections of inverters, chargers, charge con- 
trollers, transformers, and any other electrical 
equipment in the PV system. This equipment 


requires adequate surrounding space for ac- 
cessibility and airflow, which allows for heat 
dissipation. Therefore, equipment temperature 
should be measured. Infrared (IR) noncontact 
thermometers are ideal for this task. See Fig- 
ure 14-16. Equipment at higher-than-normal 
temperatures requires immediate attention to 
address possible overloading conditions or 
poor airflow. 

All wiring should be inspected, including 
conductors, terminations, conduit, and junction 
boxes. Disconnects, fuses, and circuit breakers 
should be checked for proper operation. Any 
exposed conductors should be checked for 
insulation damage, clean and secure terminals, 
adequate strain relief, and properly connected 
and supported conduits. 
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« Infrared : (IR Th 


Fluke Corporation 


Figure 14-16. An infrared (IR) thermometer can 
measure the temperature of electrical equipment, 
including PV system components. 


b 2 Tools and Testing Equipment 


So that maintenance and troubleshooting can be conducted in a prompt and efficient manner, PV system service 
personnel should have certain basic tools and testing equipment available at all times. 


Tools 


A standard PV maintenance tool kit should include screwdrivers, pliers, wire cutters, wire strippers, Crimpers, 
wrenches and socket sets, utility knives, and flashlights. PV-specific tools include a handheld pyranometer, 
compass, caulking gun, and a variety of battery-maintenance equipment, as required. 
A variety of spare parts and materials should be readily available, including fasteners, fuses, connectors, lugs, 
conductors, weather sealant, lubricant, corrosion inhibitor, electrical tape, wire ties, and distilled water. 
Besides basic PPE, safety equipment should include a first aid kit, electrical gloves, fire-resistant clothing, 
hats, sunscreen, rubber gloves, and baking soda. 


Testing Equipment 
A digital multimeter is the most important and 


shooting of electrical systems. Most models c 
such as temperature, can also be measured, 


versatile test instrument for maintenance, monitoring, and trouble- 
an measure voltage, current, and resistance. Other parameters, 
either as a built-in function or with add-on accessories. This test 


instrument is vital to maintaining any PV system. 

Other test instruments are not always required, but can be very useful. A clamp-on ammeter makes current 
measurements easier and safer, since the circuit does not need to be opened to take measurements. 

Watt-hour meters record cumulative energy and can be useful in many different ways. Atthe utility connection, 
a pair of watt-hour meters can record net energy exporting and importing. Another watt-hour meter is recom- 
mended for the inverter output, if the inverter does not already monitor energy output. On the array output circuit 
and the battery-bank charging circuit, ampere-hour meters are used in a manner similar to watt-hour meters. 
In the battery system, ampere-hour meters can also show the net energy that is in a battery, and therefore its 


state of charge. 


E ———— 
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Maintenance Plans 


PV-system maintenance should be carefully 
planned and scheduled to ensure that all neces- 
sary tasks are being performed and to minimize 
the time and expense required. A maintenance 
planis a checklist of all required regular mainte- 
nance tasks and their recommended intervals. See 
Figure 14-17. Maintenance plans are developed 
during the design and commissioning process 
based on the typical maintenance requirements 
for the system configuration, installation type, 
and location. Much of this information is found 
in manufacturer's recommendations. 

However, maintenance plans can evolve as 
the needs for the particular system are deter- 
mined or changing conditions necessitate dif- 
ferent maintenance requirements. For example, 
an array should normally be inspected every 
six to twelve months. However, if inspections 
reveal that soiling conditions are severe and 
are causing significant shading, the array may 
require inspection and cleaning every three 
months. The maintenance plan should then be 
changed to reflect the new requirement. 


* Maintenance Plan* 


Inspect modules for damage 


Address array shading i issues 


Remove debris around array 


Check inverter and/or charge controller - 
for correct settings 


Inspect battery enclosure 


Inspect battery terminals and connections | 


Equalize batteries 

Water batteries ——— 

Measure specific gravity of each be battery cell 
Load- test batteries 

Capacity- test batteries i 


Inspect and clean all electrical equipment 


Monitor system for voltage and current 


It is highly recommended that records of all 
maintenance tasks be kept in a maintenance 
log. A maintenance log is a collection of past 
maintenance records. The log should include 
the maintenance tasks completed, the date and 
time, results, problems encountered, and any 
recommendations for future maintenance, such 
as changes to the maintenance plan or tips for 
making tasks easier or more effective. 


Most rooftop maintenance tasks require some form of 
fall protection, such as warning lines. 
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d 
Mm meme ene ee E. 
e c) "EE 
GO ENTER RR tm 
E ore on 
z 
LS tos l 
AT x 
A D 
ES MX — es 


* maintenance plan tasks and recommended intervals will vary between systems 


Figure 14-17. A maintenance plan includes all the necessary maintenance tasks and their respec- 


live schedules. 
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MONITORING 


Monitoring is the repeated measurement 
of electrical, environmental, or battery 
parameters at certain intervals. PV-system 
monitoring can serve several purposes. Pri- 
marily, it provides information about system 
status and alerts users to possible problems. 
Owners and installers also monitor system 
performance to ensure that energy produc- 
tion meets load requirements and justifies 
the system cost. Monitoring also includes 
short-term measurements for troubleshoot- 
ing. Production-based financial incentives 
and renewable energy certificate (REC) 
programs rely on accurate system output 
measurements to appropriately award in- 
centives. Utilities monitor interactive PV 
systems to determine the energy exchanged 
between the customer and the utility grid for 
billing purposes. 


Measured Parameters 


A variety of parameters may be measured by 
monitoring equipment in PV systems. The 
number and types of parameters depend on the 
system configuration and size and the intended 
use of the information. 


Electrical Parameters. Measuring electri- 
cal parameters is the most important type of 
monitoring. At a minimum, electrical power 
and energy are measured, though various 
voltage and current measurements are also 
common. These parameters are the basic 
indicators of array and inverter performance 
and are extensively used to troubleshoot 
system problems. Performance is based on 
comparisons with expected output (based on 
sizing calculations) and baseline measure- 
ments taken during commissioning. 

Energy is also often measured (in kilowatt- 
hours) on daily, monthly, and total cumulative 
bases. These measurements are particularly 
useful for the inverter output circuit, but may 
be used elsewhere. In interactive systems, the 
total load requirements are the energy supplied 
by the PV system plus any energy imported 
from the grid. In stand-alone systems, energy 
flow into and out of batteries is measured with 
ampere-hour meters. 


A current transformer consists of a toroidal coil in which a proportionally smaller 
current is induced from the higher current in the conductors passing through it. 
These devices are used to monitor current flow in various applications. 


As part of a service contract, a technician may monitor a PV 
system remotely. The monitoring system may be configured 


to trigger a service call for certain events or if the measured 
parameters fall outside the normal range. 


There are three primary locations in a PV 
system for measuring electrical parameters: 
the array output circuit, the inverter output 
circuit, and the battery-bank output circuit 
(if applicable). See Figure 14-18. Since the 
inverter is connected to all three circuits, 
most modern inverters include integrated 
monitoring functions as standard features. 
If this is not the case, external monitoring 
equipment can be added to measure electrical 
parameters. For temporary use, such as for 
troubleshooting, handheld test instruments 
are used. Sytem designers and equipment 
manufacturers sometimes incorporate test 
points into circuits for safe and easy access 
by test instruments. For some installations, 
permanently installed meters are used. 

Depending on the system configuration, 
electrical parameters may also be measured at 
other parts of the system, such as PV source 
circuits, the charge-controller output circuit, 
and within the power-distribution system. 
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«Primary Monitoring Points —  — 
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Figure 14-18. The three most important points for measuring voltage and current information are the array output circuit, 
inverter output circuit, and charge controller circuit (if applicable). 


Environmental Parameters. Including en- 
vironmental parameters in monitoring allows 
system output to be correlated with weather 
conditions. These parameters usually include 
irradiance and ambient temperature. See Fig- 
ure 14-19. For example, current output from 
a PV device increases proportionally with 
irradiance. However, if the current measure- 
ments do not correlate with the irradiance 
measurements, there may be a problem with 
the array, such as excessive shading, soiling, 
or blown source circuit fuses. For an accurate 
representation of the array’s environmental con- 
ditions, all sensors should be placed as close to 
the array as possible and in the same plane. 

By adding a special temperature sensor to 
the back surface of a module, cell temperature 
can also be measured. This information can 
then be used to determine the temperature-rise 
coefficient for this installation. 


Battery Parameters. Sophisticated monitoring 
systems may have the capability to automati- 
cally measure battery specific gravity and water 
levels. This feature is usually employed for 


only the largest battery-based systems, where 
the large number of batteries makes manual 
battery tests impractical. The battery bank may 
require manual maintenance only when the 
monitoring system indicates an out-of-range 
measurement. 


x Environmental Sensors 
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Figure 14-19. Sensors for measuring irradiance and 
other parameters allow technicians to correlate PV 
System output with weather conditions. 


Monitoring Output 


In order to be useful, measurements must 
be displayed in some form. Monitoring of a 
PV system can be as simple as LED status 
indicators on a component or as complex as a 
separate data network measuring and recording 
multiple parameters. 


Indicators. The simplest type of monitoring 
employs small indicator lights to show the 
status of components and their functions. 
These are usually LEDs of different colors. 
For example, an LED may indicate that the 
battery bank is fully charged, even if the charge 
controller also displays the actual battery-bank 
voltage. See Figure 14-20. Indicators on major 
components may indicate normal operation, 
ground faults, low-voltage load disconnect, 
battery charging, battery discharging, battery 
equalizing, or component malfunctions. For 
efficiency of space on the front panel, indicator 
LEDs may have multiple meanings depending 
on their colors (for bicolor LEDs) and the rate 
at which they blink. 


& Status Indicators — 


Morningstar Corp. 


Figure 14-20. Equipment status indicators may 
have multiple functions. 


Display Screens. Most inverters and charge 
controllers include small display screens. 
This is often in addition to a few indicator 
lights. The display typically cycles through the 
various measurements and displays the present 
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The connection to remote units may be wired 
or wireless. 


Data-Acquisition Systems. The most so- 
phisticated monitoring systems include data 
acquisition. Data acquisition is the recording 
and processing of data from a monitoring 
system. The same types of parameters may 
be measured as with other monitoring sys- 
tems, but the data is recorded at regular time 
intervals and stored for future analysis. Data 
acquisition generates a wealth of information 
and provides a much more complete picture 
of system performance than measurements at 
isolated moments in time. 

As the primary electrical interface device 
in most PV systems, the inverter is the core of 
most data-acquisition systems. Some inverters 
include data acquisition as an on-board feature 
and others rely on separate computer software 
to read the data output at intervals and save the 
data to a storage device. 

Some data-acquisition systems employ 
separate units to collect and process the data 
from multiple sources. In addition to taking 
measurements from the inverter, these sys- 
tems may allow a variety of other sensors to 
be added, such as irradiance and temperature. 
Such a system requires the added time and 
expense of separate data wiring that connects 
each sensor and the data-acquisition unit, but 
provides much more information. 

Using computer software, this data can then 
be plotted to illustrate the changes of values 
over time. See Figure 14-21. This facilitates 
spotting trends and correlations between 
parameters. When troubleshooting, data- 
acquisition systems are invaluable tools. They 
allow the technician to review past records 
and identify slow trends over time or short- 
term events that may have impaired system 
performance. By connecting the computer or 
data-acquisition unit to the Internet, the raw 
data and plots can also be made available to 
users through web sites. 


Several leading inverter manufacturers and independent 


values. Some inverter manufacturers provide companies offer data-acquisition equipment and sensors for 


the option of adding a remote display unit to 
view these parameters from a distant location. 


interfacing directly with system components. 
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Figure 14-21. Data-acquisition systems gather, record, and process 
information from many sources that can be used to observe trends or 
problems in PV system operation. 


TROUBLESHOOTING 


Troubleshooting is a systematic method of 
investigating the cause of system problems 
and determining the best solution. Problem 
diagnoses begin with observations and mea- 
surements of the overall system. Through a 
process of confirming or eliminating factors, 
the investigation narrows to subsystems or 
specific components until the cause of a prob- 
lem is found. 

The focus of troubleshooting is on remedy- 
ing the cause, not the symptoms, of a problem. 
While identifying symptoms is a critical first 
step in determining the specific cause of a 
problem, there may be several contributing 
factors. For example, a dead battery is a com- 
mon symptom. While the individual battery 
may fail solely due to the end of its useful 
life, aggravating circumstances could also be 
preventing the battery from charging. This 
includes factors that disrupt the energy bal- 
ance of the system, such as excessive loads 
or a reduction in array output. If the battery 
is replaced without eliminating contributing 


factors, the problem of undercharge and pre- 
mature failure may affect other batteries. Many 
possibilities must be investigated to prevent a 
misdiagnosis or partial diagnosis of the actual 
problem, as failure to correct the underlying 
problem results in wasted time and money. 


Troubleshooting Levels 


Troubleshooting procedures are designed to 
identify malfunctions by examining the system 
at progressively narrower levels. A trouble- 
shooting level is the depth of examination into 
the equipment or processes that compose a 
system. Troubleshooting levels are very similar 
for all electrical systems, even though they may 
be named differently. For PV systems, the ap- 
propriate levels are the system level, subsystem 
level, component level, and element level. See 
Figure 14-22. 


System Level. The system level encompasses 
the entire PV and power-distribution system, 
sometimes including the on-site loads. Systems 
may be isolated or may interface with other 
related systems. For example, a stand-alone PV 
system is a self-contained electrical system. A 
utility-interactive system, however, interacts 
with the utility grid. Even though the utility 
grid is much larger in scale, it is considered a 
parallel system. 


Subsystem Level. The system is broken 
down into functional areas called subsystems. 
Subsystems may include many components, 
but they are all related to a particular func- 
tion within the system, such as producing 
and controlling DC power. The subsystem 
level includes the energy production, storage, 
conditioning, distribution, and consumption 
functions. These functions correspond to the 
array, battery bank, inverter (or power con- 
ditioning unit), distribution panel, and loads, 
respectively. See Figure 14-23. 

Each subsystem also includes all the auxil- 
iary equipment related to the safe and efficient 
operation of that subsystem. For example, 
besides the batteries, the energy-storage 
subsystem includes the charge controller, 
disconnects, fuses, conductors, electrolyte 
containment, and ventilation devices. 


Chapter 14 — Commissioning, Maintenance, and Troubleshooting 387 


* Troubleshooting Levels — — — 


: ELEMENT LEVEL 
2 (PV CELL) 


E LRIGCNENT LEVEL 
(PV MODULE) 


1 SUBSYSTEM LEVEL 
3 (PV ARRAY) 
! SYSTEM LEVEL 

(PV SYSTEM) 


Figure 14-22. The system level includes all the components of a PV system. 
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Figure 14-23. PV subsystems are divided by the components involved in energy production, storage, processing or con- 
ditioning, distribution, and consumption. 
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The number and types of subsystems will 
depend on the system configuration. For exam- 
ple, interactive-only systems do not include an 
energy-storage subsystem. Also, some systems 
may include multiple subsystems of the same 
type. For example, a very large system may 
have multiple arrays, each feeding a separate 
inverter. Or, a system may include both a DC 
power-distribution subsystem for DC loads 
and an AC power-distribution subsystem for 
AC loads. 


Component Level. The component level 
includes the discrete pieces of equipment 
that are acquired and installed individually to 
make up subsystems. This includes modules, 
disconnects, inverters, charge controllers, bat- 
teries, and loads. Each component performs 
a specific task by itself, such as opening a 
circuit, processing power, or storing a certain 
amount of energy. 


Element Level. Within the components are 
smaller elements. Individually, these elements 
are too small or too specialized to be useful in 
any way other than as a part of a component. 
For example, a PV cell is an element within 
a module component. A PV cell is not easily 
used by itself because it is extremely fragile 
and a system would require hundreds or 
thousands of cells to produce an appreciable 
amount of power. A PV cell must be combined 
with other cells and additional elements (such 
as conductors, glass, and frames) to form a 
module component, the smallest practical PV 
unit for building a PV system. 


Troubleshooting loss of performance from modules can include making electrical 
measurements at the junction-box terminals. 


The distinction between the component 
and element levels can sometimes be unclear. 
For example, battery cells are considered 
components if they are large individual units, 
but they are considered elements if they are 
inseparable parts of a battery, which is then 
a component of the battery-bank subsystem. 
Fuses can sometimes be considered compo- 
nents and other times be considered elements, 
especially when they operate from within other 
components such as inverters. 

Some elements, such as fuses, circuit break- 
ers, surge suppressors, and diodes, are easily 
field-serviceable, but many are not. When 
elements are not reasonably serviceable, the 
entire component may need to be replaced, 
even if only one small element is faulty. For 
this reason, field troubleshooting does not 
always reach the element level. For example, 
if an impact damages a module, it is not worth- 
while to disassemble the module and identify 
the individual broken cells since the module 
will still need to be replaced. 

For only certain components, such as invert- 
ers, is it cost effective to troubleshoot at the ele- 
ment level, and troubleshooting of this sort is not 
usually performed by field technicians. When 
found to be faulty during component-level 
troubleshooting, these components are usually 
sent to the manufacturer for service. Depending 
on the design of the component, subassemblies 
or circuit boards with a faulty element may be 
replaced to remedy the problem. 


Troubleshooting Procedures 


While troubleshooting at progressively more 
detailed levels, a systematic procedure is fol- 
lowed to determine the cause of the problem. 
While specific troubleshooting procedures 
will vary according to the type of system and 
equipment involved, a general strategy guides 
the overall troubleshooting process in a logi- 
cal and efficient manner. 


Observation. The first step in troubleshoot- 
ing is to identify the symptoms of a problem. 
Some problems may be obvious, while others 
may be noticed only during inspections and 
maintenance activities or when comparing the 
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system performance with past experience of its 
normal operation. Therefore, some problems 
may be discernable only by the system owner/ 
operator, who is most familiar with the system. 
For example, system output will normally fall 
during cloudy weather, but if output falls more 
than past experience predicts or fails to return 
to higher output later, a problem exists. 

Observation involves determining which 
part of the system is not working properly 
and observing the conditions that may have 
contributed to the cause. This includes obvious 
problems such as broken or burned equip- 
ment, water intrusion, and blown fuses. All 
equipment with monitoring, such as inverters 
and charge controllers, should be checked for 
error or fault indicators. Some indicators will 
provide very detailed information. Observa- 
tion also includes attention to more subtle 
clues, such as any recent changes in the load 
requirements, maintenance plan, or weather 
patterns. 

If a problem is creating a hazard to persons 
or equipment, it may be necessary to immedi- 
ately shut down the entire system. However, 
as some troubleshooting tasks, such as tak- 
ing electrical measurements, require certain 
components or the entire system to be operat- 
ing, extreme caution must be exercised when 
restarting the system. As with maintenance 
and testing tasks, all proper safety precautions 
should be followed. 


Research. Research involves gathering all 
the relevant system documentation together, 
particularly equipment manuals, and find- 
ing information about normal operating 
parameters, specifications, compatibilities, 
maintenance requirements, precautions, and 
error codes. Some manuals include trouble- 
shooting instructions or flow charts that may 
help narrow the cause of the problem. See 
Figure 14-24. 

If the system includes a data-acquisition 
system, past records can be used to look for 
unusual events or patterns in the measured 
parameters. Researching the maintenance log 
and troubleshooting reports for any previous 
symptoms or related problems can also help 
uncover the cause or at least suggest a line 
of investigation. 


b Troubleshooting Levels 


The troubleshooting levels are important at 
the observation step in the troubleshooting 
process. The problem may be system-wide 
with no obvious cause, such as an unex- 
plained low system output, which requires 
troubleshooting to begin at the system 
level. Further steps in the troubleshooting 
process will help narrow the cause of the 
problem down to the subsystems or indi- 
vidual components causing the problem. 

Alternatively, the problem may be rela- 
tively localized and the troubleshooter can 
begin observing the symptoms at the more 
focused levels. However, it may also be 
necessary to return to the overall system 
level if the cause of the problem cannot be 
determined. The chosen focus may have 
been an incorrect assumption. 

Ultimately, the troubleshooter makes 
a judgment about where to begin trouble- 
shooting in order to find the cause of the 
problem quickly and efficiently. 


O e 


Investigation. Through observation and re- 
search, the problem typically becomes well 
understood. The aim of investigation is to 
determine the root cause of the problem. For 
example, a blown fuse is easily fixed by replac- 
ing the fuse. However, an underlying problem 
caused the fuse to blow. Unless the cause is 
identified and addressed, the new fuse will 
likely blow relatively quickly. An investiga- 
tion would seek to determine the cause of the 
overcurrent, so that the underlying problem 
could be remedied. 

Investigation is conducted primarily through 
inspection and testing. The causes that are the 
most likely and require the simplest remedies 
should be investigated first. These include 
damage from physical impacts, worn insula- 
tion, excessive heat or cold, electrical arcing, 
smoke, or fire. Portable test instruments are 
used to take electrical measurements at various 
points in the circuits to trace the locations of 
voltage drops, phantom loads, short circuits, 
and open circuits. Temperature measurements 
check for overheating equipment. 
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Figure 14-24. Most equipment manuals include troubleshooting flow charts or procedures, which 
narrow the possible causes of a problem by following a specific set of instructions. 


It may be necessary to replicate the condi- 
tions associated with the symptoms of the 
problem. In order to determine which condi- 
tions contribute to the problem, conditions 
should be tested and eliminated, preferably 
one by one. A systematic investigation should 
gradually eliminate certain subsystems and 
components until the cause is isolated. 


Remediation. When the cause is discovered, 
it can be remedied, fixing the problem. This 
usually involves repairing or replacing com- 
ponents, reterminating or tightening connec- 
tions, or replacing damaged conductors. If the 
problem occurs during or soon after the system 
commissioning, there may be an inherent flaw 
in the design of the system, requiring more 
extensive remediation. 

Occasionally, the cause of the problem 
turns out to be minor enough that the remedy 
is not a high priority. That is, if the problem 
is not a safety issue and causes only a minor 


inconvenience, the owner may choose to live 
with it, especially if the estimated costs to 
remedy the problem are high. Still, the issue 
should be monitored and fully documented in 
case the problem worsens. 


Documentation. When troubleshooting has 
successfully identified the cause of the prob- 
lem, it is important to document the results. 
Troubleshooting reports should describe the 
problem, the steps taken to determine the cause 
of the problem, and the repair that eliminated 
or reduced the cause. This includes the symp- 
toms, the equipment manuals consulted, the 
test instruments used, the measurements taken, 
and a detailed description of the remedy. 


Troubleshooting reports may also include 
recommendations for preventive maintenance to 
avoid a recurrence of the problem. These records 
should be kept with all the other system docu- 
mentation so that they can be reviewed again as 
needed during future troubleshooting. 
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Commissioning is the time when the installer demonstrates system operation and formally transfers respon- 
sibility for the system to the owner or operator. 


* A general start-up procedure begins at the array and ends at the loads, though certain components or system 
configurations recommend different procedures. 


* [tis critically important to review all equipment documentation for any special start-up procedures. 


* Interactive systems require the least maintenance while stand-alone and hybrid systems, because they include 
batteries or additional power sources, require maintenance that is more extensive. 


* Simple and nonhazardous maintenance may sometimes be performed by the system owner. Advanced 
maintenance tasks, including troubleshooting and equipment servicing or replacement, usually requires the 
experience and expertise of a qualified installer or service technician. 


e Shading conditions can change over time, so routine maintenance may be required to control excessive shading. 


e Sealant cracks or loss, broken gaskets, and bent metal flashings are all signs of weather sealing degradation, 
which can quickly result in roof leaks. 


e Batteries are usually the most maintenance-intensive components in any PV system. 


* Battery maintenance tasks include cleaning, tightening terminals, watering, and checking battery health and 
performance. 


* Battery state of charge is estimated by specific gravity or open-circuit voltage measurements. 


e PV-system maintenance should be carefully planned and documented to ensure that the necessary tasks are 
being performed on the required schedule. 


e PV-system monitoring provides information about system performance and status and alerts persons to pos- 
sible problems. 


e Power, voltage, and current are the basic indicators of array and inverter performance and these measure- 
ments are extensively used to troubleshoot problems. 


e Data acquisition facilitates spotting trends and correlations between parameters and is particularly useful for 
troubleshooting. 


e Troubleshooting procedures are designed to identify malfunctions by examining the system at progressively 
narrower levels. 


e When troubleshooting has successfully identified the cause of the problem, it is important to document 
the results. 


Definitions 


© Commissioning is the starting and operation of a PV system for the first time. 
e Delamination is the separation of the bonded layers of glass and/or plastic encasing the PV cells of a module. 


e Soiling is the accumulation of dust and dirt on an array surface that shades the array and reduces electrical 
output. 


e A hydrometer is an instrument used to measure the specific gravity of a liquid. 
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A battery load tester is a test instrument that indicates battery health by drawing a high discharge current 
from a battery for a short period. 


A maintenance plan is a checklist of all required regular maintenance tasks and their recommended 
intervals. 


A maintenance log is a collection of past maintenance records. 


Monitoring is the repeated measurement of electrical, environmental, or battery parameters at certain 
intervals. 


Data acquisition is the recording and processing of data from a monitoring system. 


Troubleshooting is a systematic method of investigating the cause of system problems and determining the 
best solution. 


A troubleshooting level is the depth of examination into the equipment or processes that compose a system. 


Review Questions 


HOO ^ BR w 


10. 
11. 


. Why should PV systems be commissioned by using a careful start-up sequence? 
. Why might strat-up procedures vary for different PV systems? 


. What should be included in the system documentation package? 


What factors are involved in the long-term control of array shading? 
What tasks are typically involved in battery maintenance? 
What factors affect the frequency of battery watering? 


Why is electrolyte specific gravity measured? 


. How is a maintenance plan developed? 


. How are data-acquisition records particularly useful when troubleshooting? 


Why is it sometimes unnecessary to troubleshoot beyond the component level? 


What is involved in the observation step when troubleshooting? 


m 
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Chapter Objectives 

+ Compare the numerous incentive options based on type, source, availability, and requirements. 

e Describe how present and future costs are calculated. 
Understand how economic variables such as discount rate affect the present value of future costs. 
Compare energy-production systems based on total life-cycle costs. 
Differentiate between the ways different incentives affect the life-cycle costs of PV systems. 


e 
. 
e Determine whether a PV system can pay back its costs against an alternate energy source. 
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INCENTIVES 


Many people support the idea of PV and 
other renewable-energy systems, but assume 
that these systems are too expensive. Even 
in cases where the system cost is likely to 
be recovered, the significant initial costs 
keep some people from investing in a sys- 
tem. For these reasons, government entities, 
utilities, and nonprofit organizations sponsor 
incentives to make renewable energy more 
affordable. See Figure 15-1. An incentive 
is a monetary inducement to invest in a 
certain type of capital improvement, such 


as an energy-generaüng system Or energy- — jyany government entities are involved in promoting 
conservation measure. renewable energy sources. 
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Figure 15-1. Several types of incentives are available for PV and other renewable-energy systems. 


Incentives from Utilities 
incentives trom Uii — 


It may not seem logical for utility companies to support the expansion of renewable-energy 
systems among small-system operators because it encroaches upon the utilities’ business. 
Indeed, some utilities are mandated through legislation to provide incentives. However, of- 
fering incentives can be in the utilities’ best interest for several reasons. 

First, many states have implemented renewables portfolio standards (RPSs), which 
mandate that energy producers operating within the state produce a certain percentage of 
their energy with renewable-energy technologies. Electricity from PV systems sold to the 
utility through interconnection agreements counts toward their share of the goal. 

Also, encouragement of additional utility-connected power producers helps alleviate the 
need for utilities to build “peaker” power plants that produce extra power for periods of peak 
power demand. PV systems are especially well suited for “peaking” because they produce 
the most electricity during the highest-demand period, the middle of the day. 

Finally, increased demand for PV systems fosters improvement in module efficiency 
and manufacturing, lowering the costs for installing new systems. This includes large-scale 
systems that the utilities may use in the future. 
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Incentives also stimulate the renewable- 
energy technology industries, because making 
systems more affordable increases demand. 
Higher demand increases production and 
promotes research into more-efficient sys- 
tems and manufacturing methods, which both 
lower system costs. At some point, the costs 
of renewable energy will be competitive with 
traditional fossil-fuel sources, so there will 
no longer be a need for these subsidies. It is 
uncertain when this will occur, perhaps in as 
short a time as 10 years. Incentive programs are 
intended as a relatively short-lived effort. 

Incentives may take many forms. One-time 
reimbursement payments include rebates and 
grants, which offset a portion of the initial 
investment. Loan programs provide low- 
interest or no-interest loans for the purchase 
of renewable-energy systems, lowering the 
cost of borrowing money. Production incen- 
tives award money to system operators for 
every unit of renewable energy produced. 
Tax incentives lower the owner's tax liability, 
reducing future costs. 

The availability of incentives varies widely 
by system size, system technology, state, utility, 
sector (residential, commercial, educational, 
etc.), and implementation. Many incentives 
are also time-limited, so information must be 


ways. Some programs offer a certain amount 
per system unit of capacity, such as rated watts 
for PV systems. Others offer a percentage of 
the purchase price. All specify an upper limit 
to rebate amounts. Rebates available per ap- 
plicant range from $300 to over $1,000,000. 
Rebate amounts may also be limited by the 
total amount of money set aside to fund the 
rebate program each year. 


Grants 


A grant is a one-time monetary payment for cer- 
tain types of projects. Grants may be awarded 
by a government entity, utility, or nonprofit 
organization. Grant programs typically require 
applications and written proposals, as grants are 
limited in number and amount. Grant-awarding 
organizations may target a certain sector, such 
as small businesses or technology research, in 
hopes of spurring economic development or 
technology improvements in that area. Grant 
programs may also restrict the use of the award 
to certain renewable-energy technologies and 
require documentation that the project is fulfill- 
ing its objectives. Grants typically range from 
$500 to $1,000,000 or more. 


In addition to incentives for the purchase and installation 
of renewable energy systems, there are also a large num- 
ber of incentive programs for improving and maintaining 
energy efficiency. 


checked frequently for new programs and to en- 
sure that a program has not expired. The on-line 
Database of State Incentives for Renewables 
and Efficiency (DSIRE) is a comprehensive 
resource of up-to-date incentive information. 


Rebates 
Rebates are the type of incentive most com- 
monly available to owners of renewable-energy 
systems. A rebate is a one-time refund for a 
portion of an original purchase price. Rebate 
programs often require proof of purchase and 
installation to qualify. Most rebates are offered 
by state agencies and utilities. Eligible sectors 
usually include residences and businesses, 
although many rebate programs are available 
to industry, institutions, and government agen- 
cies as well. 

The amount of money available through a 
rebate program may be specified in various 


Incentives are designed to make many types of renewable energy systems, 
including PV systems, more affordable. 
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Loans 


Loan programs offer low-interest or no-interest 
financing for the purchase of renewable-energy 
systems, including PV systems. Most loan 
programs are offered by states and utility com- 
panies, though there are federal programs, and a 
few programs are offered by local governments 
and utilities. These programs are typically 
available for a broad range of renewable- 
energy system technologies and applicant 
sectors, including residential, commercial, 
industrial, transportation, public, and nonprofit 
sectors. Interest and repayment terms vary and 
may be determined on an individual-project 
basis, though loan lifetimes are commonly 7 
to 10 years. 

Alternatively, PV and other renewable- 
energy systems can be financed with con- 
ventional bank loans, which may not offer 
below-normal interest rates but are highly 
flexible. The purchase and installation of a PV 
system may be amended to a mortgage loan 
or addressed separately as a home equity or 
capital improvement loan. 


Tax Incentives 


A tax incentive is a measure to reduce owed 
taxes as an inducement for investment. Just 
as there are different types of taxes, there are 
different types of tax incentives. Only govern- 
ment bodies can offer tax incentives, because 
they are the only entities entitled to levy taxes. 
Most tax incentives are offered by state or local 
governments, though there are some federal 
programs. 

Tax incentives are typically categorized 
as deductions or credits. See Figure 15-2. 
Exemptions are fundamentally similar to de- 
ductions. When an incentive is offered as a tax 
deduction, an amount is removed from a tax- 
able value. Since the tax owed is calculated as 
a percentage, the smaller taxable value results 
in less tax owed. In contrast, tax credits do not 
reduce a taxable value. Instead, they cancel a 
portion of actual taxes owed. Credits may be 
based on a set dollar amount, a percentage of 
the cost of the system, or a certain amount per 
unit of energy production, such as cents per 
kilowatt-hour. 
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Figure 15-2. Tax incentives reduce the amount 
of tax that must be paid, whether they are tax 
exemptions or tax credits. 


Income Tax. Income tax incentives are avail- 
able for both personal and corporate income 
taxes. Income tax credits are offered by several 
states and the federal government. Personal 
income tax incentives are aimed at homeown- 
ers who install renewable-energy systems on 
their residences. The incentives are intended 
to help eliminate the personal income tax that 
would have been paid on the income used to 
purchase and install a renewable-energy system 
for a home. 

Corporate income tax incentives allow cor- 
porations to receive credits of 10% to 35% of the 
total cost of the system. Some states allow the 
tax credit only if the corporation has invested a 
certain dollar amount into a renewable-energy 
project. 


Property Tax. Property tax incentives are of- 
fered as either exemptions or credits. Exemp- 
tions function similarly to deductions and make 
up the majority of property tax incentives. When 
an exemption is applied, the added value of 
the renewable-energy system is not included 
in the valuation of the property for taxation 
purposes. If the renewable-energy technology, 
such as solar thermal water heating, replaces 
a conventional technology, the system is as- 


Chapter 15 — Economic Analysis 


sessed at the value of the conventional system. 
This avoids additional taxes that would result 
from the value added to the property due to the 
renewable-energy system. When a property tax 
credit is applied, the value of the renewable- 
energy system is included in the property as- 
sessment, and the credit 1s applied toward the 
additional taxes. 

For example, consider a property with an 
assessed value of $100,000 that is taxed annu- 
ally at a rate of 196, for a tax liability of $1000 
($100,000 x 1% = $1000). The owners then 
add a PV system worth $10,000 to the property. 
When a property tax exemption is applied, the 
assessment is not increased to account for the 
PV system and the taxes are assessed for the 
original $100,000 value. When a property tax 
credit is applied, the taxable value of the PV sys- 
tem is included in the assessment, which totals 
$110,000. Therefore, the tax liability is $1100 
($110,000 x 1% = $1100). However, if a tax 
credit of $100 is applied, the credit covers the 
additional tax liability resulting from the value 
of the PV system. In this example, the result is 
that the tax paid ($1000) is equal in both cases. 
Neither exemptions (deductions) nor credits are 
automatically better than the other. Their ulti- 
mate value to the consumer depends on several 
factors. It is important to note that the details 
of tax credit and tax exemption programs vary, 
and that the full value of taxes resulting from 
the addition of a PV system may not always be 
covered completely. 

Property taxes are collected locally; some 
states allow local authorities the option of pro- 
viding a property tax incentive for renewable- 
energy systems. As of 2009, most states have 
such provisions. 


Sales Tax. About half of the states offer some 
type of sales tax incentive. Sales tax incentives 
typically provide an exemption from the entire 
amount of state sales tax on the purchase of 
renewable-energy equipment. Most programs 
are offered for systems of any size, but a few 
programs stipulate that the system must be 
certified to output a certain amount of energy. 
In these cases, the sales tax is paid at the time 
of purchase and refunded when the system is 
complete and operating. 


Production Incentives 


A production incentive is a recurring payment 
program that provides project owners with cash 
payments based on electricity production. The 
incentive is typically a certain dollar amount 
per kilowatt-hour of electricity. The term of 
the payments is limited, such as for a certain 
number of years. One of the largest programs 
is the Renewable Energy Production Incentive 
(REPI), which is a federal program that cur- 
rently offers 1.5¢/kWh (in 1993 dollars and 
indexed for inflation) for up to ten years of 
system operation. Numerous other programs are 
offered by state and local governments, utilities, 
and nonprofit organizations. 

Production incentives are based on the 
idea that payments based on performance 
rather than capital investments can be a more 
effective mechanism for ensuring quality and 
efficient projects. 
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Homeowners with PV systems can usually take advantage of property tax 


incentives to lower the total system costs. 


Renewable Energy Certificates 
Renewable energy certificates are similar to 
production incentives. A renewable energy 
certificate (REC) is a tradable commodity 
that represents a certain amount of electricity 
generated from renewable resources. RECs 
are also known as renewable energy credits, 
“green tags,” or tradable renewable certificates 
(TRCs). RECs are not necessarily sponsored 
by government entities or utilities. Rather, they 
are facilitated by organizations that arrange the 
transactions and keep a small percentage for 
their services. 
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An owner of a renewable-energy system, 
such as a PV system or wind farm, receives 
one REC for every 1000 kWh of electricity 
produced and exported to the utility grid. See 
Figure 15-3. A certifying agency ensures that 
RECS are allocated accurately and that each 
is assigned a unique serial number. The REC 
can then be sold on the open market. Several 
organizations exist that facilitate this trading. 
The price of RECs floats like shares of stock 
and varies depending on supply and demand. 

However, the market for RECs is unique. 
In states with renewables portfolio standards 
(RPSs), which require that utilities produce 
a minimum amount of their electricity from 
renewable resources, those utilities that fail 
to meet their quota can purchase RECs. 
Purchasing RECs gives buyers the right to 
claim “green” energy produced elsewhere as 
their own to fulfill a quota. The price paid 
for the REC acts as a penalty mechanism. 
In return for the REC, the renewable-energy 
producer receives funds that help offset the 
costs of the initial system investment and/or 
contribute to future investment in renewable- 
energy technologies. 
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However, quotas are not the only force driv- 
ing the REC market. Strong public opinions 
about the use of renewable energy sources 
add to the value of RECs. For example, some 
companies may advertise that they operate 
from renewable energy in an effort to attract 
consumers who highly value energy conserva- 
tion. Companies may purchase RECs based on 
the belief that some consumers are willing to 
pay more for products that support the use of 
renewable energy. 

For example, a product may be marketed 
with the claim that it was “produced using 
renewable energy." The actual electricity used 
in manufacturing the product likely came from 
a variety of sources, including fossil-fuel- 
burning power plants, because there is no way 
to differentiate the sources of power on the 
grid. However, by purchasing RECS, a buyer 
is able to take credit for a certain amount of 
electricity that was produced from renewable 
sources and added to the grid system. By care- 
fully tracking RECS through their serial num- 
bers, the “green” energy generated is matched 
to the "green" energy claimed, enabling the 
REC trading system to operate. 
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Figure 15-3. Renewable energy certificates (RECs) allow a utility or its customers to claim renewable 
energy while providing a financial incentive for renewable-energy producers. 
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ON Credits 


The concept of trading in renewable energy certificates (RECs) is similar to the global 
market for carbon credits. Under the Kyoto Protocol, an international agreement, countries 
are allocated maximum levels of carbon dioxide that their industries may release into the 
atmosphere. The objective is to stabilize and then reduce the release of carbon dioxide, the 
primary greenhouse gas, into the atmosphere by setting low target levels of emissions. The 
protocol also sets up a market for carbon credits. If a country’s emissions fall below their 


target level, they can sell the surplus 
carbon dioxide allocation to a country 
that has exceeded its target. One carbon 
credit equals 1 metric tonne (2205 Ib) 
of carbon dioxide. The price of carbon 
credits fluctuates on the open market 
like shares of stock. 

This activity has no net effect on the 
total amount of carbon dioxide emis- 
sions. However, it encourages further 
improvement in emissions reductions 
because those who meet their target 
receive rewards in the form of salable 
credits. Meanwhile, those who do not 
meet their goal are penalized by having 
to pay for credits. This creates an incen- 
tive for industries to reduce pollution, in 
that they may soon find it less expensive 
to improve their processes or install 
emissions-contro! equipment than to pay 
for expensive carbon credits. 
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RECs and metering credit for electricity 
exported to the utility are not mutually ex- 
clusive. That is, customers can receive both 
if both programs are available in their area. 
However, in some interconnection agreements, 
the utility retains the right to claim any RECs 
generated by an interconnected customer. In 
such a case, the customer cannot receive pay- 
ment for RECs. 


COST ANALYSIS 


A cost analysis is a comparison of two or more 
options that considers both the cost and value 
of each. It is important to note that financial 
cost is not the only factor. Factors such as 
lifetime, availability, practicality, and ease of 
use all contribute to the value of an option, and 
can be just as important. For example, option 
A may costa little more than option B, but if it 
lasts twice as long, it is likely a better value. A 
cost analysis takes as many of these factors into 


account as possible, though some are difficult 
to quantify. Of course, this type of analysis 
is still only a tool, and decisions may also be 
based on other, qualitative factors. 


Some manufacturers are using purchased RECs to market their products as 
being "made with green energy." 
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Case Study 


San Diego Electrical Training Center 
Location: San Diego, CA (32.4°N, 117.1°W) 
Type of System: Utility-interactive 

Peak Array Power: 89.4 kW DC 

Date of Installation: August 2004 
Installers: Journeymen, apprentices 
Purposes: Training, supplemental power 


The San Diego Electrical Training Center hosts one of the largest PV systems in its area. The array consists of 
455 modules installed at a slight angle on a tall standoff mounting system. The system is divided into 34 subar- 
rays that each feed a separate utility-interactive inverter. Complemented by an extensive investment in energy 
efficiency, the system has virtually eliminated the facility's electric utility bills. As an added benefit, by shading 
most of the building’s roof, the PV system reduces the facility's summer cooling loads. The system cost over a 
half million dollars to install, but is producing considerable energy-cost savings for the training center. 

The system was installed in two phases. The first 
phase cost $266,000 and was commissioned in Septem- 
ber 2002. The second phase cost approximately $288,000 
and was commissioned in August 2004. The entire sys- 
tem was subsidized through a rebate incentive program 
available through the California Energy Commission that 
covered 50% of the labor, materials, and administration 
costs. The total rebate exceeded $278,000. 

For net metering credit, the utility requires an approved 
watt-hour meter at the system's main service equipment. 
Output data is monitored through a web-based data- 
acquisition system. Every twelve months, system energy 
production is totaled and any net exported energy is paid 
for by the utility. With monthly production of 11,000 kWh to 
14,000 kWh, the training center produced over $35,000 
worth of energy in its first six months of system opera- 
tion. With the peak array energy production at mid-day 
matching the peak time-of-use utility rates, the training 
center is maximizing its net-metering revenue. 

The local union's leaders are also involved in pro- 
moting renewable energy in the city of San Diego. 
The city has committed to having 50 MW in electricity- 
generating capacity from renewable energy sources 
by 2013, including 35 MW from solar technologies 
alone. The city has established a committee to promote 
increased use of renewable-energy technologies. Jim 
Westfall, the training director at the San Diego Electri- 
cal Training Center, is among the committee members 
working toward this goal. 

With local incentives to encourage new PV systems 
in San Diego and surrounding communities, electrical 
contractors will need electricians with training in PV- 
system installation. By involving many of its apprentices . 
and journeymen in the PV-system installation processes, . Gin Dies Eibeiricel Wailing Cero 


the San Diego Electrical Training Center is adding valu- Electricians installed the modules on an elevated rack mount 
able skills to the electrical workforce. system with a small tilt angle. 


San Diego Electrical Training Center 


The PV system at the San Diego Electrical Training Center meets 
nearly all of the facility's electrical needs. 


"di 


When analyzing PV systems against alter- 
nate energy sources, a standardized life-cycle 
cost analysis is used. The life-cycle cost is the 
total cost of all the expenses incurred over 
the life of an electricity-generating system. 
Examples of electricity-generating systems 
include utility connections, engine generators, 
wind turbines, and PV systems. A life-cycle 
cost analysis is a comparison of the life-cycle 
costs of various electricity-supply options. See 
Figure 15-4. For example, a consumer may 
need to decide between installing a PV-only 
system with a large array or a hybrid system 
with a small PV array and a wind turbine. While 
life-cycle costs are not the only consideration, 
an analysis comparing the various options will 
help quantify some of the financial pros and 
cons that lead to a decision. 


« Life-Cycle Cost Analysis 
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LIFETIME COSTS 
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Figure 15-4. A life-cycle cost analysis compares 
the life-cycle costs of various electricity-supply 
options. 


Life-Cycle Cosis 

A life-cycle cost assigns a monetary value to 
every aspect of system installation and opera- 
tion. Some costs are simple to quantify, such 
as the price of a purchased component. Other 
costs must be estimated, such as installation 
labor and maintenance. The most difficult 
costs or values to quantify are impacts on the 
environment or the operator’s quality of life, 
such as pollution, noise, aesthetics, ease of use, 
and peace of mind. 
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A life-cycle cost analysis is most useful 
when conducted prior to the start of a project, 
because it can be used to choose the system 
type, configuration, and components to maxi- 
mize value and minimize costs. However, a 
life-cycle cost analysis can also be conducted 
after a system is installed to compare actual 
performance to alternatives. One advantage of 
a post-installation analysis is that most of the 
costs have been documented, so the analysis 
will be more accurate than one done from 
pre-installation estimates. The information 
and lessons learned from the analysis may also 
be useful for future upgrade or equipment- 
replacement projects. 


Since PV arrays have no moving parts and require very little 
maintenance, they are expected to last significantly longer 
than 20 years. Many of the other major components, such as 


inverters, exhibit excellent long-term reliability as well. The 
life-cycle cost period of 20 years is often chosen, however, as 
a compromise between the expected lifetime of PV systems 
and the alternatives. 


In order to make a valid comparison, the 
systems analyzed must meet the same load de- 
mands with the same reliability over the same 
lifetime. This may require adding additional 
components, such as an energy-storage sys- 
tem, to match system power output to power 
demand. Components for system redundancy 
may also be required to make the two systems 
equivalent in reliability and system availability. 
For example, if an engine generator requires 
a periodic engine rebuild that takes one week, 
another electricity-generating system must 
be available to meet the load demand with 
the same reliability during that time. This 
additional cost must be accounted for in the 
analysis. 

A length of time must also be chosen for use 
in the analysis. See Figure 15-5. The period 
typically represents the expected lifetime of 
the system component with the longest life. 
Again, the shorter-lived system components 
may require maintenance or replacement 
to extend their lifetimes to the length of the 
analysis period, adding costs. Life-cycle cost 
for PV systems is typically evaluated using a 
20- to 30-year period. 
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Figure 15-5. Each system option must meet the 


same requirements, including the length of time 
used to calculate life-cycle cost. 


Financial costs included in the total life- 
cycle cost include initial costs, maintenance 
costs, energy costs, and repair and replacement 
costs. These costs vary significantly over the 
analysis period. See Figure 15-6. The salvage 
value of the system at the end of its life is also 
considered, and is a credit rather than a cost. 


Initial Costs. An initial cost is an expense 
related to the design, engineering, equipment, 
and installation of a system. Initial costs in- 
clude both goods and services. These costs 
may also be known as capital costs 


Recurring costs, such as maintenance, energy, repair, and re- 
placement costs, are figured on an annual basis for life-cycle 


cost analyses.That is, even if the costs occur monthly, quarterly, 
or semiannually, they are figured based on an entire year. 


* Life-Cycle Costs — 
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generating system. 


Prices for equipment can be taken from 
invoices, catalogs, or dealer quotes. Labor 
rates for design, engineering, and installation 
services are acquired from service estimates. 
However, it is important to ensure that service 
estimates include the expenses for any ad- 
ditional equipment to be used or consumed 
during the providing of these services. For 
example, the cost of renting aerial lift equip- 
ment to access an array location is an expense 
that should be included in the initial costs. 

The value of the owner's time is an im- 
portant factor in system comparisons. Any 
labor provided by the system owner should 
be valuated at a reasonable market rate. This 
ensures a fair comparison between a system 
to be self-installed and a system that requires 
professional installation. This also helps to 
insure the owner against unexpected costs if 
the owner later decides to hire professional 
installers. 

The total of all these initial costs is consid- 
ered as a single expense at the beginning of the 
life of the system. 


Maintenance Costs. A maintenance cost 
is an expense related to the operation and 
maintenance of a system. These costs occur 
periodically throughout the life of the sys- 
tem. Maintenance costs include inspections, 
cleanings, insurance, property taxes, and 
operator salaries, but not fuel or equipment- 
replacement costs. Maintenance costs may be 
itemized or they may be covered by a service 
contract with a set annual fee. 


0 ANALYSIS PERIOD (YR) 
Figure 15-6. The various types of life-cycle costs occur at different 


points in the life cycle of a power- 


Energy Costs. An energy cost is an expense 
related to the energy input of an electricity- 
generating system. This energy input refers to 
gasoline or diesel fuel for engine generators, 
hydrogen for fuel cells, or, for comparison, 
the electricity from the utility. Wind and solar 
radiation are, of course, free of charge. 


Replacement and Repair Costs. A replace- 
ment cost is an expense related to the periodic 
replacement of components with expected 
lifetimes shorter than the expected lifetime 
of the entire system. For example, batteries 
typically have life of only several years, so 
it is reasonable to assume that a battery bank 
will need to be replaced a few times during the 
20-plus years of system operation. 

A repair cost is an expense related to the 
restoration of a component or system to its 
nominal operating state following damage 
or wear. It is very difficult to predict which 
components may require future repairs, so 
repair costs are often lumped together with 
a conservative value for future replacement 


costs. A repair budget might include a modest. 


amount for replacement components such as 
blown fuses, broken brackets, and a damaged 
module, and would be added to the replace- 
ment costs. 


Salvage Value. The salvage value is the 
monetary value of a system at the end of its 
expected useful lifetime. It is common to as- 
sign a value of 20% of the original purchase 
price for equipment that can be moved. This 
figure can be increased or decreased based on 
the condition and obsolescence of the system. 
Note that the original purchase price is not the 
same as the initial costs, which also include the 
costs of installation services. 

However, salvage value can be mislead- 
ing, because it assumes that the system is 
dismantled at the end of the estimated lifetime 
period and the components sold individually. 
Since it is expected that PV systems operate 
efficiently for appreciably longer than 20 
years, the system likely has more value as 
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their home when they sell the home than the 
original amount paid for the system. Studies 
have shown that a home's value increases by 
about $20 for every $1 reduction in annual 
utility bills through energy efficiency and 
supplemental electricity-producing systems. 
This is partly because, with lower utility bills, 
the buyer can afford a larger mortgage. 

The salvage value assigned to the system is 
subjective and difficult to quantify, but must 
not be ignored since it can be significant. 
Multiple life-cycle costs with high, medium, 
and low figures for salvage value may be use- 
ful to appreciate how this variable affects the 
total system cost. 


Value of Money 


Because the life-cycle cost includes monetary 
values at the beginning, middle, and end of a 
system's lifetime, which can span 20 years or 
more, it is important to consider how the value 
of money changes over time. The value of a 
dollar today is greater than the value of a dollar 
next year and much greater than the value of 
a dollar 20 years from now. See Figure 15-7. 
This change in the value of money affects the 
relative values of the various life-cycle costs. 
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Figure 15-7. A certain amount of present money 
is equal to a greater face-value amount of future 
money. The difference in face value depends on 
the difference in time. 


When life-cycle costs include fuel, such as diesel or natural 
gas, all necessary fuel services and equipment should be 


a complete system than as the sum of the 
values of its components. In fact, some ho- 
meowners find that an operational PV system 
installed on a residence adds more value to 


included in the energy costs. These costs may include taxes, 
delivery, storage tanks, metering, and safety equipment. 
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Discount Rate. In order to compare future 
monetary value to the present value, it is dis- 
counted by a certain rate. The discount rate 
is the rate at which the value of future money 
is reduced to its present value. The present 
value of a future cost is calculated using the 
following formula: 


FV 


PV = : 
(14r) 


where 

PV = present value (in $) 

FV z future value (in $) 

r = discount rate 

t = time period (in years) 

For example, what is the present value of the 


10-year replacement of an inverter with a price 
of $3000 if the discount rate is 596 per year? 


ee 
(1 ap r) 

py = 3000 _ 
(1+ 0.05) 

D arts 
(1.05) 

py - 2000 
1.63 

PV - $1842 


Therefore, $3000 at 10 years from now 
has the same value as $1842 now. The 
discount rate can have a significant ef- 
fect on present values of future costs. See 
Figure 15-8. When assessing the present 
value of many future costs, small differences 
in the discount rate can add up to significant 
cost variations, which render a life-cycle cost 
analysis ineffective. A change of only +1% in 
the discount rate would change this amount 
to $1675 or $2027. If the discount rate is too 
low, the value of future costs will be exag- 
gerated, but if the discount rate is too high, 
the value of future costs will be underesti- 
mated. Therefore, it is important to choose 
the discount rate carefully. Local banks 
are a good source for estimated discount 
rate information. 
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Figure 15-8. The present value of future money 
falls more quickly with higher discount rates. 


b Discount Rate 


The discount rate is the combination of the 
investment rate and the inflation rate. The 
investment rate is the annual rate of return 
expected on an invested sum of money. 
This rate is difficult to determine because 
returns on investments vary widely, de- 
pending on the type of investment and the 
timing. For investments in the stock mar- 
ket, the annual rate of increase in the Dow 
Jones Industrial Average is one measure 
of an average rate of return. For example, 
$1000 invested in the stock market may 
return $1200 in a few years. 

However, $1200 in the future may not 
have the same buying power as $1200 
in the present. The inflation rate is the 
annual rate of increase in prices, which 
makes future earnings have less value. 
The consumer price index is a measure 
of the rate of inflation in the United States. 
Inflation in the last few years has ranged 
between 0% and 496. 

If the investment rate is greater than the 
inflation rate, then it is advantageous to 
invest. For example, because of inflation, 
the buying power of the $1200 investment 
return is equal to about $1100 in the pres- 
ent. Since this is a positive result, investing 
is a sensible way to increase net worth. 


hu—————————————'—— 


Chapter 15 — Economic Analysis 405 


It may be prudent to use more than one dis- 
count rate for different types of costs. If fuel pric- 
es or utility rates are expected to rise faster than 
inflation, the energy cost calculations should use 
a lower discount rate. Also, multiple life-cycle 
cost calculations based on two or three different 
discount rates give the final values a reasonable 
margin of error. For example, with a discount rate 
of 5% +1%, $3000 at 10 years from now has a 
present value of about $1842 +$176. 


Single Present Value Factors. As an alternative 
to the formula method of determining present 
value, a simple multiplication factor can be 
used to determine the present value. The single 
present value factor is a multiplication factor for 
determining the present value of a single future 
cost for a given discount rate and period. The 
factors are arranged in a table of discount rates 
against time in years. See Figure 15-9. The fac- 
tor for a given rate and period is multiplied by 
the future value to yicld the equivalent present 
value. For example, the single present value fac- 
tor for a 5% discount rate at 10 years is 0.614. 
Multiplying $3000 by 0.614 yields $1842. 


Recurring Present Value Factors. Some 
costs occur in every year, such as fuel costs 
for generators or the cost of utility electricity. 
Some types of generating systems may have 
maintenance costs every year. For example, 
an engine generator may require periodic oil 
changes that add up to approximately $100 
each year. To determine the present value of 
these costs with the discount rate formula or 
the single present value factors would require a 
separate calculation for each year. The present 
value of $100 (at a 5% discount rate) in Year 1 
is $95, in Year 2 is $91, in Year 3 is $86, in 
Year 4 is $82, and so on. See Figure 15-10. 
All these individual costs are added together 
io yield the total present value of the recurring 
cost. If the life-cycle analysis 1s calculated 
for 20 years, this method is inconvenient and 
prone to mistakes. 


The term "discount rate" must be used with care because 


it has slightly different meanings in different financial and 


economic contexts. 


Figure 15-9. The single present value factor is used to quickly calculate the present value of a single 


future value. 
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Figure 15-10. Related costs that occur every year 
are calculated and added together for each year 
to determine the total present value. 


Similar to the single present value factor, a 
simple multiplication factor can be used to eas- 
ily calculate this recurring cost. The recurring 
present value factor is a multiplication factor 
for determining the present value of an annu- 
ally recurring cost for a given discount rate. 
These factors are arranged in a table similar to 
that for the single present value factors and are 
used in the same way. See Figure 15-11. For 
example, the recurring present value factor for 
$100 every year for 20 years at a 596 discount 
rate is 12.5. Therefore, the total present value 
of this recurring cost is $1250 ($100 x 12.5). 

However, there are limitations to this 
method. The cost must occur every year be- 
tween the first year and the final year and must 
be the same each year. This method will not 
Work for costs beginning in years other than 
the first year or occurring in multiples of years, 
such as every five years. If a recurring cost 
does not fit these requirements, the individual 
costs calculations must be done separately. 
Fortunately, it is reasonably easy to set up a 
computer spreadsheet to complete or double- 
check the calculations automatically. 


The present value factors can be calculated with formulas for 
any discount rate and any year. The single present value factor 


is equal to (1 + r)~‘ and the recurring present value factor is 
equal to [1 — (1 + 7)] s r. 


DOE/NREL, NC Solar Center 


For remote or isolated loads, PV systems can be a 
cost-effective energy source. 


Life-Cycle Cost Analysis 


The life-cycle cost for any energy system is the 
sum of the present values of the various types 
of costs over its expected lifetime, minus the 
present value of the system at the end of its 
lifetime. This is represented in the following 
formula: 


LCC =I+M,,+ E,, + A 
where 
LCC = life-cycle cost (in $) 


I = initial costs (in $) 


V 


M,, = present value of all maintenance 
costs (in $) 


E, = present value of all energy costs (in $) 


R,, 7 present value of all repair and 
replacement costs (in $) 


Spy = present value of salvage value (in $) 


From this calculation, the analysis is 
straightforward. The system with the lower 
life-cycle cost is the better long-term value, 
assuming all other factors, such as reliability 
or environmental impact, are equal. See Fig- 
ure 15-12. The most common types of life- 
cycle cost analyses are comparisons between 
a PV system and either an engine generator 
or utility electricity. 
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« Recurring Present Value Factors 


DISCOUNT RATE 


a 0.99 0.98 0.97 0.96 0.95 0.94 0.94 0.93 
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3 2.94 2.88 2.83 278 272 2.67 2.62 2.58 
A 4 3.90 381 372 363 355 3.47 339 3.31 
C 5 485 47I — 458 445 433 421 410 399 
P 6 — 580 5.80 542 524 5.08 4.92 4.77 4.62 
7 EE 6.47 6.23 600  — B® 5.58 5.39 5.21 
e man JN. 7.02 6.73. 6.46 6.21 5.97 5.75. 
9 8.57 8.16 7.79 744 7.44 680 652 6.25 
- 10 9.47 8.98 8.53 8.11 7.72 7.86 7.02 6.71 
11 10.37 9.79 9.25 876 8.31 789 LL v50 i 7.14 
ui. 12 — 1425 1058 9.95 9.39 8.86 838 7.94 754 
13 12.13 11.35 10.63 9.99 9.39 i 8.85 gem 7.90 
a 14 13.00 12.11 11.30 10.56 - 9.90 9.29 875 8.24 
Ip 13.897. — 1285 — 1194 — 1112 10.38 — SU Oni, o o 8.56. 
ow 0 472 13.58 —— 12.56 11.65 10.84 10.11 9.45 8.85 - 
17 15.56 14.29 187 Br NR eee or 10.48 9.76 9.12 
18 1640 —— 1499  — 13.75 1266 11.69 1083 10.06 — 9.37 
19 17.23 15.68 14.32 1343 12.09 11.16 10.34 9.60 
20 18.05 16.35 14.88 13.59 12.46 11.47 10.59 9.82 


Figure 15-11. The recurring present value factor is used to quickly calculale the present value of a 
future value recurring for a number of years. 


LIFE-CYCLE COSTS General Discount Rate: 


System: Energy Costs Discount Rate: 


' Gest Description 


Initial Costs 


Maintenance Costs 


Energy Costs 


Repair and Replacement Costs 


Salvage Value 


Total Life Cycle Costs 


Figure 15-12. A life-cycle cost analysis totals the present values of all the life-cycle costs over the length of the analysis period. 
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For example, consider a newly constructed 
home in a rural area. The home features many 
energy conservation measures to minimize 
electrical requirements. The owner is con- 
sidering three options to supply electricity 
to the home: a utility connection, an engine 
generator, and a PV system. In order to help 
determine the most cost-effective system, the 
customer performs a life-cycle cost analysis 
of all three options. The peak power demand 
is estimated at 5 kW, the yearly energy con- 
sumption is estimated at 7800 kWh, and the 
discount rate is estimated at 4%. 


Mia 


Engine generators have relatively low initial costs but require significant 


maintenance and fuel expenses that result in high life-cycle costs. 


Utility Connection Costs. The life-cycle 
cost of a utility connection is the simplest to 
calculate. There are no maintenance, repair, 
or replacement costs to consider. There is also 
no real salvage value, though in certain cases, 
a utility connection may add value to a rural 
home when it is up for sale. The only potential 
sources of costs for a utility connection are 
initial connection costs and annual energy 
costs. See Figure 15-13. 

The initial costs are the utility's charges 
for connecting to their electricity grid, which 
depends on the customer's location. If the 
customer is located in a relatively developed 
area, within a certain distance of existing 
electric service (such as 250’), the utility 
will make the connection at no cost to the 
customer. However, if the connection requires 
a substantial extension of the utility lines to 


reach the customer, the utility will charge 
the customer for a portion of this improve- 
ment. These charges may also depend on the 
expected annual revenue from the customer. 
Depending on the terrain, line extensions can 
cost $10,000 to over $50,000 per mile. In the 
example situation, since the home is in a rural 
location and requires extension of service, 
the utility quotes the customer a connection 
fee of $25,000. 

The major component of the life-cycle cost 
of a utility connection is the energy cost, which 
is an annually recurring cost. At the average 
electricity rate of $0.10/kWh, the first year's 
energy cost is $780 (7800 kWh x $0.10/kWh = 
$780). A recurring present value calculation 
is required to determine the present value of 
20 years’ worth of utility electricity. Since the 
cost of electricity is expected to rise faster than 
most costs, a discount rate of 3% is used. The 
lower discount rate will increase the present 
value of future costs. The recurring present 
value factor is 14.88, so the present value of the 
energy is $11,606 ($780 x 14.88 = $11,606). 

The total life-cycle cost of the utility con- 
nection is calculated as follows: 


CC = Jae Moye Lt Rc 
LCC = 25,000 + 0 + 11,606 +0-0 
LCC = $36,606 


Engine-Generator System Costs. The life- 
cycle cost of an engine-generator system is 
more complicated and includes each type of 
cost. See Figure 15-14. First, the initial costs 
include the purchase and installation of a 5 kW 
prime power diesel generator with an auxil- 
iary fuel tank, a 500 Ah battery bank, and a 
5 kW inverter. The battery system stores excess 
energy when the generator is running, which 
means that the generator runs less often and 
at a more efficient full load. The total initial 
costs are $8500. 

Engine generators require more main- 
tenance than any other type of residential 
power-generating system. The engine must 
be inspected and the oil changed regularly. 
The annual cost of this maintenance is esti- 
mated at $200. Therefore, the present value 
of 20 years of maintenance is $2718 ($200 x 
13.59 = $2718). 
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* Life-Cycle Costs for Utility Connection — — — < 


LIFE-CYCLE COSTS General Discount Rate: 0.04 


Connection Energy Costs Discount Rate: 0.03 
p Single Cost | Recurring Present Present 
a. ac Value Factor 
Initial Costs i ; i . 


| 
Utility Line Extension $25,000 0 1.000} $25,000 


Maintenance Costs 


E— —— : 


Energy Costs 


Salvage Value 
Total Life Cycle Costs $36,606 


Figure 15-13. The life-cycle cost analysis of a utility connection includes the initial connection costs and annual energy costs. 


LIFE-CYCLE COSTS Genera! Discount Rate: 0.04 
System: Engine Generator Energy Cosis Discount Rate: 0.03 


Single Cost Recurring Present | Present 
Year Cost Years | Value Factor | Value 


ine Generator — 


Cost Description x adco Cost/Year 
Initial Costs ; T 
System Purchase and Installation $8500 0 | 1.000 $8,500 


Maintenance Costs 

Engine Inspection and Oil Changes s20| | | 20 | 13.59 $2,718 
ee eee eee — eee 
Energy Costs 


Diesel Fuel $2,145, | 20 | 14.88] $31,918 


Repair and Replacement Costs 


Engine Rebuild $1.000 0.822 $822 


Engine Rebuild — — $1,000] 10 | $676 
Inverter Replacement $2 000 10 $1,352 
Battery Bank Replacement — m 8 7 
Battery Bank Replacement 16 | | 90534 $801| 


Salvage Value 
Salvage pasos] | 0.456 -$684 


Total Life Cycle Costs $47,755 


Figure 15-14. The life-cycle cost analysis of an engine-generator system includes each type of cost. 
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The cost of fuel over 20 years is the most 
difficult cost to estimate, since the price of fuel 
is highly volatile. The generator will run for 
1560 hr at full load over the course of each year 
to supply 7800 kWh of electricity (7800 kWh + 
5 kW = 1560 hr). Since the engine consumes 
0.55 gal/hr at full load, 858 gal of diesel fuel 
will be needed each year (1560 hr x 0.55 gal/hr 
= 858 gal). At an average price of $2.50/gal, 
the annual fuel cost is estimated at $2145. At 
a 396 discount rate (for rising and volatile fuel 
costs), the total cost over 20 years is estimated 
at $31,918 ($2145 x 14.88 = $31,918). 

Repair and replacement costs include engine 
rebuilds and replacements of the inverter and 
battery bank. Engine rebuilds cost approxi- 
mately $1000 and are expected to be needed 
every 5 years. Rebuild costs total $2053 ($822 
at Year 5, $676 at Year 10, and $555 at Year 15). 
A $2000 replacement inverter at Year 10 costs 
$1352. Battery banks cost $1500 and are ex- 
pected at Year 8 ($1097) and Year 16 ($801), 
totaling $1898. Therefore, the total repair and 
replacement costs are $5303. 

Salvage valueis estimated at $1500 at Year 20 
($684). Therefore, the total life-cycle cost of 
this system is calculated as: 

LCC-ITM.- E. Ra Sa 

LCC = 8500 + 2718 + 31,918 + 5303 — 684 

LCC = $47,754 

Clearly, an engine-generator system can be 
extremely expensive in the long-term, especially 
when compared to a utility connection. When 
there is no possibility of a utility connection due 
to remoteness, these costs are considered more 
acceptable. However, when located in a region 
with only moderate insolation, a well-designed 
PV system can meet an equal load profile for a 
significantly lower life-cycle cost. 


PV System Costs. The life-cycle cost of a PV 
system is significantly simpler to determine 
than for most other systems. There are no ener- 
gy costs, and maintenance, repair, and replace- 
ment costs are minimal. The most significant 
factor is the initial cost. See Figure 15-15. A 
5 kW PV array with two 2.5 kW inverters and 
a 1000 Ah battery bank is estimated to cost 
$30,000, including installation. 


Maintenance costs include yearly inspec- 
tion and battery maintenance, expected to cost 
$100 each year. The present value of this cost 
is $1359 ($100 x 13.59 = $1359). Replacement 
costs include a battery bank and perhaps a 
damaged module for $2200 at Year 8 ($1608) 
and Year 16 ($1175), and a $2000 inverter at 
Year 10 ($1352), for a total present value of 
$4135. The salvage value is conservatively 
estimated at $5000 ($2280). 


LCC =I + Mily F IB F R= So 
LCC = 30,000 + 1359 + 0 + 4135 — 2280 


LCC = $33,214 

The PV system is roughly two-thirds of the 
cost of an equivalent engine-generator system. 
In addition to being a better financial value, a 
PV system has many other advantages over 
an engine generator. With a PV system, there 
is no noise, no pollution, no regular deliveries 
of fuel, no storage of large quantities of toxic 
liquids, very little maintenance, and the system 
is nearly effortless to operate. 


Annualized Costs 


Another way to compare system options is to 
compare their annualized costs. The annual- 
ized costis a portion of the total life-cycle cost 
attributed equally to each year of operation. 
One might assume that, to calculate annual- 
ized cost, the total life-cycle cost of the system 
is divided by the number of operating years. 
However, there are two possible problems with 
this method. 

First, simply dividing the total life-cycle 
cost by the number of operating years assumes 
that costs are spread evenly over the operating 
period, which is rarely the case. For example, 
PV systems require large up-front costs, but 
then require few expenses for the rest of the 
operating life of the system. The actual cost for 
a year is high in years with major expenses and 
low in years with few expenses. Annualizing 
the life-cycle cost spreads all the expenses 
equally over the years. From a cash-flow 
perspective, this method of annualizing inac- 
curately profiles the life-cycle cost. However, 
the method is still commonly used for overall 
cost comparisons. 
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LIFE-CYCLE COSTS General Discount Rate: 0.04 


i System: PV System Energy Costs Discount Rate: 0.03 


Single Cost | Recurring Present Present 


Cost/Year Year Cost Years | Value Factor Value 


- Cost Description - j Em 


Initial Costs 


System Purchase and Installation $30000 Oo | |  1:00| $30,000 


Maintenance Costs 


Inspections — — à (| — $100] | 20 | _ 1359| $1,359 
Oe M a — | j| 5 


Energy Costs 
Repair and Replacement Costs 

Inverter Replacement s2000 10 ] | 0.676 $1,352 
Battery Bank & Module Replacements $2200 8 | | || 0.731 $1,608 


Battery Bank & Module Replacements| — $2,200] — 16 | . £1] 0534| $1175 
re " . $—| — |^ | — 


Salvage Value 


$5000 20 | 3 $1| 0456| .$2280 


Total Life Cycle Costs $33,214 


Figure 15-15. The most significant costs in the life cycle of a PV system are the initial costs. 


Also, the simple division assumes that the For example, the PV system has a life- 
costs are numerically equal for every year, cycle cost of $33,214 over 20 years at a 4% 
which is also not the case. The annualized cost discount rate. The recurring present value 
method assigns an equal present value foreach factor for this scenario is 13.59. What is the 
year, but because of the time value of money, annualized cost? 


the numerical values for future costs will vary. LLC 
To determine the annualized cost, the recurring ALLC = = 
present value factor is used in a manner opposite REK 

to how it was used in previous calculations. The ALLC= 33,214 
calculation asks for an annually recurring cost 13.59 
with equal present values over 20 years that has ALLC = $2444 


a cumulative and final present value equal to the 
life-cycle cost. Therefore, the life-cycle cost is 
divided by the recurring present value factor, 
such as in the following formula: 


This means that an annually recurring cost of 
$2444 over 20 years has the same total present 
value as the total life-cycle cost. This can be il- 
lustrated in a plot of cumulative annualized costs 
LLC over the operating period. See Figure 15-16. In 


MED Ces D contrast to the actual plot of the life-cycle costs, 
the cumulative annualized cost plot is a smooth 

where : D 
, curve representing equal annual costs (in present 
ALLC = annualized cost (in $) values) over the entire operating period. The two 
LLC = life-cycle cost (in $) curves result in the same final life-cycle cost at 


F py = recurring present value factor Year 20. 
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* Annualized Costs. 
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Figure 15-16. Annualizing costs spreads costs 
evenly over the operating period, but results in the 
same total life-cycle cost for a system. 


Unit Costs. From the annualized cost, a unit 
cost can be determined. For example, the an- 
nualized present value cost of the PV system 
is $2444. If the system meets the load require- 
ments by producing 7800 kWh per year, then 
the unit cost is about $0.31/kWh ($2444 + 
7800 kWh = $0.31/kWh). This value is much 
higher than the typical $0. 10/kWh rate for util- 
ity power. However, if utility power is unavail- 
able or requires a prohibitively expensive line 
extension, the PV system will likely compare 
favorably. For example, the utility connection 
with the line extension yields a unit cost of 
$0.35/kWh ($36,606 + 13.59 + 7800 kWh = 
$0.35/kWh) and the engine-generator system 
yields a unit cost of $0.45/kWh ($47,755 + 
13.59 + 7800 kWh = $0.45/kWh). 


Financial Payback 


Assuming that a PV system is less expensive 
over the operating period than an alternate 
power source, then at some point the PV 
system will achieve financial payback. The 
payback period is the amount of time (typically 
in years) required for the avoided costs from 
an alternate energy source to match the cost 
of the chosen energy-production system. At 
that point, the chosen system has paid back its 


cost with funds that would have otherwise been 
used to pay for energy from the alternate sys- 
tem. From that point onward, further avoided 
costs represent a net savings. 

For example, consider a PV system that 
costs $5000, but avoids $500 in costs each 
year. That is, the alternate power-source option 
would have cost $500 per year if it was chosen 
instead, but since it is not needed, the $500 is 
saved. One might assume that these avoided 
costs accumulate each year; the total avoided 
costs would be $1000 in Year 2, $1500 in Year 
3, $2000 in Year 4, and so on. If at Year 10, 
the total avoided cost matches the total system 
cost, then the payback period is 10 years. See 
Figure 15-17. 


«Payback Point. 


10,000 
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Figure 15-17. The payback point occurs when the 
cumulative avoided cost of one system matches 
the total life-cycle cost of another system. 


However, accurate financial payback cal- 
culations are rarely so simple, because there 
are multiple ways of analyzing the cumulative 
life-cycle cost over the operating period and 
each must account for the change in the value 
of money over time. 


Actual-Cost Payback. One way to determine 
the payback point is a comparison of the actual 
costs accumulating throughout the operating 
period for the various system options. The 
payback point is easily seen when the life-cycle 
costs are tabulated or plotted, but the prepara- 
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tion of these numbers is tedious. The present 
values of the additional costs for each year and 
each system must be calculated. Cumulative 
values are then totaled for each year for all 
costs up to and including that year. When plot- 
ted, the variations between the large initial cost. 
and smaller periodic expenses are observable, 
resulting in stepped cumulative life-cycle cost 
plots. See Figure 15-18. 

The payback point is the point at which 
the accumulated life-cycle cost of one system 
option rnatches the total life-cycle cost of the 
other system option. For example, the PV 
system has a total life-cycle cost of $33,214. 
The cumulative costs of the utility connection 
reach this amount at about Year 13. That is, (he 
avoided costs up to that point equal the total 
life-cycle cost of the PV system over 20 years. 
Likewise, the PV system achieves a payback 
against the engine generator option, which 
occurs even earlier, at about 10 years. 


Annualized-Cost Payback. An annualized 
cost for each system option can be used to 
determine the payback point in a manner 
similar to actual-cost payback analysis. The 
advantage is that the calculations are typically 
simpler, though, because of the assumptions 
inherent to annualizing, they may be less ac- 
curate. The utility connection with the line 
extension has an annualized cost of $2694 
($36,606 + 13.59 = $2694). Each year this 
avoided cost is discounted to its present value. 
The cumulative avoided cost rises quickly, 
until it eventually equals the total life-cycle 
cost of the PV system, which occurs during 
Year 17. See Figure 15-19. For the engine- 
generator system, the payback point occurs 
even earlier, during Year 12, since its annual- 
ized avoided cost is higher at $3514. 

There will often be small differences be- 
tween the payback periods determined from 
the actual-cost and annualized-cost methods. 
The actual-cost method may be considered 
more accurate, but the payback point can 
sometimes be difficult to determine because 
of the stepped life-cycle plots. Compared to 
the many other assumptions and estimates 
used in cost analyses, the variance is usually 
considered to be within acceptable limits. 
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Overall, both methods of payback analysis are 
considered legitimate, and best practices often 
include citing a payback range. For example, 
in comparison to the engine-generator system, 
the PV system is expected to achieve payback 
in 10 to 13 years. 


£ Actual-Cost Payback Analysis 
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Figure 15-18. The payback point can be determined by comparing the 
actual life-cycle costs of the various system options. 


L Annualized-Cost Payback Analysis 
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Figure 15-19. The annualized-cost method of determining the payback 
period is relatively simple, though it may be less accurate than the 
actual-cost method. 
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Operating a PV system requires no input of fuel, which also means that an operating PV  : 
System has no impact on pollution and carbon dioxide emissions and requires no fossil-fuel 
resources. However, manufacturing the PV system does require energy, which likely comes 
from nonrenewable resources. Therefore, it is important to analyze whether a PV system 
can reimburse this energy within its lifetime and, if so, how long that will take. 

Energy payback is the amount of time a PV system must operate to produce enough 
energy to offset the energy required to manufacture the PV system. Energy payback is 
the ratio of the energy required to manufacture a unit of a PV array to the energy return 
the unit will produce in an average year. The ratio equals the number of years required for 
energy payback. For example, if a module requires 300 kWh of energy to manufacture, 
and once in operation it produces 100 kWh per year, then the energy payback is 3 years 
(300 kWh + 100 kWh/yr = 3 yr). 


Energy Investment 


The total energy investment of manufacturing PV modules includes refining raw silicon, 
crystallizing silicon ingots, processing silicon wafers into PV cells, and assembling the 
modules. The energy required to manufacture components such as conductors, glass, and 
frames should also be considered. Each step in the manufacturing process contributes to 
the total energy cost of the module. 

With so many steps and variations between cell technologies and manufacturers, it is 
extremely difficult to estimate these energy costs. Also, there is the question of whether 
to include the raw silicon refining in the total, since most module manufacturers recrystal- 
lize waste silicon left over from the electronics industry, which is virtually free. However, 
researchers have attempted to quantify these figures. 

Monocrystalline modules are estimated to require between 600 kWh/m? and 1000 kWh/m2. 
Polycrystalline cells require about 420 kWh/m? to 650 kWh/m?. Thin-film modules, which 
use a fraction of the amount of silicon used by crystalline cells, require about 240 kWh/m?. 
(These figures do not include the raw silicon refinement step.) 


Energy Return 


The amount of energy a module will produce is determined by the module efficiency and 
the receivable insolation, which can be found in the solar radiation data set for the near- 
est location. The daily insolation is multiplied by 365 to determine the annual insolation. 
For example, annual insolation for Portland, OR, for a latitude-tilt array is 1423 KWh/m?/yr 
(3.9 kWh/m?/day x 365 days = 1423 kWh/m?/yr). The average solar resource for the United 
States is about 1800 kWh/m?/yr. The energy payback period can then be calculated with 
the following formula: 


E 


man 


s x n 


leg = 


where 
tz, = energy payback period (in yr) 
Fan = manufacturing energy (in kWh/m?) 


man 


Hm = average annual receivable irradiation (in kWh/m?/yr) 


ann 


Nm = module efficiency 
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For example, what is the energy payback period for an array of polycrystalline modules 
that are 12% efficient and are estimated to require 600 KWh/m? to manufacture? 


DM Enn 
SES Hos X n 
dep = ee SS 
1423 x 0.12 
lepg = = 
171 
t-og = 3.5 yr 


Given the wide range of estimates for manufacturing energy investment and the levels of 
insolation available to most of the United States, most calculations result in energy payback 
periods of between 2 yr and 5 yr. However, the length of payback periods is expected to fall 
in coming years as manufacturing processes become more efficient and module efficiencies 
improve, even as PV demand grows to require dedicated silicon supply chains, requiring 


silicon refining to be included in calculations. 


incentive Adjustments 


These life-cycle cost analyses have neglected 
incentives, which may have a significant effect 
on final life-cycle cost. With incentives, the unit 
cost of PV energy may fall to the point where 
it is comparable to utility rates. The different 
types of incentives must be treated differently, 
however, depending on how they are applied. 
See Figure 15-20. 

Rebates and grants are one-time payments 
that reduce initial costs and are therefore the 
easiest incentives to account for. For example, 
if the initial cost of a 4.5 kW system is partially 
offset by a rebate of $2 per watt, then $9000 
is deducted from the initial costs (with no 
need to adjust it to present value). However, if 
there were a significant lag between the time 
of installation and the funding of the rebate, 
such as with a performance verification period, 
it would be appropriate to convert the rebate 
amount to the present value for Year 0. For ex- 
ample, a $4000 rebate that is applied in Year 5 
with a 4% discount rate has a present value of 
$3544 ($4000 x 0.889 = $3544). 

Production-based incentives and renewable 
energy certificates are recurring payments. If 
energy export to the utility is relatively steady 
every year with no downtimes, the incentive 
income can be considered approximately equal 


for each year of operation. For example, if a 
system owner receives approximately $200 per 
year for 10 years at a 4% discount rate, this 
amounts to $1622 in present value ($200 x 
8.11 = $1622) that can be deducted from the 
life-cycle cost. 


*- Life-Cycle Costs with Incentives 
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Figure 15-20. Incentives affect the total life-cycle 
cost differently, depending on how and when they 
are applied. 
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Loans, on the other hand, rather than lower- 
ing the life-cycle cost, add additional cost. Any 
interest paid is a cost that should be included 
in the life-cycle cost. (The exception would be 
no-interest loans, which have no effect on the 
life-cycle cost.) However, calculations involv- 
ing loans can be complicated. The annual loan 
payments are usually the same, but the portion 
of payment that goes toward paying interest is 
dynamic. The first few payments are applied 
almost entirely to interest. The ratio of prin- 
cipal to interest owed changes gradually, until 
the last payments include very little interest. 
Because of the changing amounts of interest 
and principal, the recurring present value fac- 
tor cannot be used. Financial analysis software 
is the best tool for accurately determining the 
costs of loans. 

The accounting for tax incentives varies 
based on the type of incentive. Any sales tax 
(or lack thereof, for exempt equipment) is 
included in the purchase cost of the equip- 
ment and therefore does not require separate 
attention. Income tax incentives are typically 
a one-time savings, since a certain amount of 


income tax would normally have been paid 
on the income that was used to purchase the 
PV system. This amount acts like a credit 
that can be applied against the initial costs. 
Property taxes are more complicated. If the 
value added by the PV system to the property 
is exempt from property tax, then there are 
no additional costs. However, without a full 
property tax exemption, any additional taxes on 
the property are a cost that must be included in 
the life-cycle cost analysis. This value and the 
tax rate can change significantly over 20 years, 
so the present value of the cost is difficult to 
quantify. With research and software tools, an 
owner may be able to estimate this cost. 

As production quantity and efficiency of 
PV modules and other major components 
continues to rise, PV systems are becoming 
more affordable and financially competitive 
with alternate energy sources. Currently, in- 
centives are available to make up much, if not 
all, of the gap. Eventually, costs will fall to the 
point where incentives are no longer needed, 
with PV systems comparable to, or even less 
expensive than, traditional options. 


Incentives stimulate the renewable-energy technology industries because more-affordable systems increase 
demand. 


At some point, the costs of renewable energy will be competitive with traditional fossil-fuel sources, so there 
will no longer be a need for subsidies. 


Rebates are the most common type of incentive and are typically based on system capacity or a percentage 
of the purchase price. 


Grant programs may require documentation that a project is fulfilling its objectives. 


Production incentives are based on the idea that payments based on performance rather than capital invest- 
ments can be a more effective mechanism for ensuring quality projects. 


Renewable energy certificates (RECs) are tradable certificates that give the buyer the right to claim the use 
of renewable energy. 


RECs and utility interconnection credits for exported electricity are not mutually exclusive. 
A standardized life-cycle cost analysis is used to analyze PV systems against alternate energy sources. 


Financial costs included in the total life-cycle cost include initial costs, maintenance costs, energy costs, and 
repair and replacement costs. The salvage value of the system at the end of its life is a positive value. 
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Life-cycle costs include monetary values at the beginning, middle, and end of a system's lifetime. 
In order to compare a future monetary value to the present value, the future value is discounted by a certain rate. 


If the discount rate is too low, the value of future costs will be exaggerated, but if the discount rate is too 
high, the value of future costs will be underestimated. 


Multiple life-cycle cost calculations based on different cost estimates and/or discount rates give the final 
values a reasonable margin of error. 


The life-cycle cost for an energy system is the sum of the present values of the various types of costs over 
its expected lifetime, minus the present value of the system at the end of its lifetime. 


The system with the lower life-cycle cost is the better long-term value, assuming all other factors, such as 
reliability or environmental impact, are equal. 


Incentives can have a significant affect on final life-cycle cost. 
The easiest way to compare the cost effectiveness of energy-supply options is to compare the unit costs. 


At the point of the financial payback, the renewable-energy system has paid back its cost with the funds that 
would have otherwise been used to pay for energy from an alternate source. 


With incentives, unit costs of PV energy can fall to the point where they are comparable to utility rates. 


Definitions 


An incentive is a monetary inducement to invest in a certain type of capital improvement, such as an energy- 
generating system or energy-conservation measure. 


A rebate is a one-time refund for a portion of an original purchase price. 
A grant is a one-time monetary payment for certain types of projects. 
A tax incentive is a measure to reduce owed taxes as an inducement for investment. 


A production incentive is a recurring payment program that provides project owners with cash payments 
based on electricity production. 


A renewable energy certificate (REC) is a tradable commodity that represents a certain amount of electricity 
generated from renewable resources. 


A cost analysis is a comparison of two or more options that considers both the cost and value of each. 
The life-cycle cost is the total cost of all the expenses incurred over the life of an electricity-generating system. 
An initial cost is an expense related to the design, engineering, equipment, and installation of a system. 
A maintenance cost is an expense related to the operation and maintenance of a system. 

An energy cost is an expense related to the energy input of an electricity-generating system. 


A replacement cost is an expense related to the periodic replacement of components with expected lifetimes 
shorter than the expected lifetime of the entire system. 


A repair cost is an expense related to the restoration of a component or system to its nominal operating state 
following damage or wear. 
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The salvage value is the monetary value of a system at the end of its expected useful lifetime. 
The discount rate is the rate at which the value of future money is reduced to its present value. 


The single present value factor is a multiplication factor for determining the present value of a single future 
cost for a given discount rate and period. 


The recurring present value factor is a multiplication factor for determining the present value of an annually 
recurring cost for a given discount rate. 


The annualized cost is a portion of the total life-cycle cost attributed equally to each year of operation. 


The payback period is the amount of time (typically in years) required for the avoided costs from an alternate 
energy source to match the cost of the chosen energy-production system. 


The payback point is the point at which the accumulated life-cycle cost of one system option matches the 
total life-cycle cost of the other system option. 


Energy payback is the amount of time a PV system must operate to produce enough energy to offset the 
energy required to manufacture the PV system. 


10. 
Hie 


_ Review Questions 


. How do incentives improve the cost effectiveness of future renewable-energy systems? 

. Compare the common types of incentives. 

. Explain the difference between the two primary types of tax incentives. 

. How do production incentives encourage quality and efficient projects? 

. How do renewable energy certificates (RECs) help utilities fulfill renewable energy quotas? 


. How are life-cycle cost analyses used to help choose the energy-producing system with the best long-term 


value? 


. What are the requirements of a valid life-cycle cost analysis? 
. Why must future life-cycle costs be discounted to determine their present values? 


. What are two reasons why a simple annualization may not accurately profile a system's life-cycle costs? 


How is financial payback determined? 


How must the various types of incentives be treated differently when including them in life-cycle cost? 


-— 
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. If an alternate power source is very expensive, such as a utility con- 


nection to a remote location, then a PV system can save money. A 
PV system also produces environmentally friendly energy, is very 
flexible and adaptable, and can offer energy independence. However, 
the system's initial cost can be high and it may require a large surface 
area to produce a significant amouni of power. The available solar 
resource may affect the feasibility of the system. There is also a lack 
of knowledge among some potential system owners, installers, and 
local officials that could impede a successful system installation. 


Ulility-scale power plants using PV technology are relatively simple 
in design and may have no moving paris. The plants can be located 
closer to populated areas because they do not involve hazardous 
materials or cause any air, water, or noise pollution. Also, unlike 
conventional power plants, PV power plants can be easily expanded 
incrementally as demand increases, as long as space allows. 


. Installers are the most visible level of the PV industry to the consumers, 


so it is vital that installers be professional and qualified individuals. Also, 
safe and quality PV system installations are essential for the success 
and acceptance of PV technology. Installers, both the contractors and 
the individual electricians, have important roles in ensuring quality PV 
installations. 


Concentrating collectors gather solar radiation from a large area 
and focus it down to a small area for energy conversion, such as a 
small PV module or heat sink. Since there is more power created per 
area of conversion material, the system is more efficient. Flat-plate 
collectors do not concentrate solar radiation in any way. 
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. irradiance is a measure of power and is an instantaneous value. 


That is, it is not measured over any length of time and can change 
from moment to moment. Irradiation is a measure of energy and ac- 
cumulates over time. Irradiation is irradiance over a period of time, 
such as an hour or day, resulting in a total amount of energy. Greater 
irradiance results in greater irradiation. 


. Direct radiation is the component of the total global radiation inside 


Earth's atmosphere that comes directly from the sun. It is not scat- 
tered or otherwise changed in direction before reaching the surface 
of Earth. Diffuse radialion is the portion of the total global radiation 
that becomes scattered by molecules in the atmosphere. These 
scattered rays may still reach the ground, but can come trom any 
portion of the sky. 


The amount of solar radiation that is absorbed or scattered in the 
atmosphere depends on how much atmosphere it passes through 
before reaching Earth's surface. As the zenith angle increases (the 
sun approaches the horizon), the sun’s rays must pass through a 
greater amount of atmosphere to reach Earth’s surface. This reduces 
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the quantity of solar radiation, and also changes its wavelength com- 
position. Air mass (AM) is a representation of the relative thickness of 
atmosphere that solar radialion must pass through to reach a point 
on Earth’s surface. Air mass depends upon the time of day, the time 
of year, and the altitude and latitude of the specified location. 


. Pyranometers measure solar irradiance trom the entire sky (180° field 


of view), so their measurements include both the direct and diffuse 
components. By shading the very narrow field of view of the direct 
componeni, the pyranometer measures only the diffuse component. 
The diffuse measurement can be subtracted from the total component 
to yield the direct component. 


. The longitude of a location determines the time difference from the 


standard meridian. This difference is equal to 4 min for each degree 
of longitude. Solar time is early for locations east of the standard 
meridian and fate for locations west of the standard meridian. The 
Equation of Time value is another factor that coniributes to the dif- 
ference between solar time and standard time. The Equation of Time 
value is a correction factor that takes into account small variations in 
Earth's orbit. This value changes throughout the year. 


Arrays receive the maximum amount of available solar radiation when 
mounted perpendicular to the direct radiation rays. In the summer, the 
sun is higher in the sky than in the winter. To maintain a perpendicular 
relationship, for at least part of the day, an array must have a smaller 
tiit angle in the summer and a larger tilt angle in the winter. 
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. The solar radiation resource should be researched before visiting the 


site. Solar radiation resource information is available as data sets for 
specific locations, and provides average daily solar radiation tor each 
month on various surfaces. Where no data exists for a certain area, 
the local resource can be estimated by comparing the data for the 
closest sites. Solar radiation measurement equipment can be used 
at the site, though meaningful resource data requires more than a 
year of collection. 


. OSHA requires fall protection in many of the areas where PV modules 


are installed. Fall protection can be in the form of equipment worn 
by a worker to reduce the potential for injury from a fall, or precau- 
tions taken in ihe work area to prevent a fall. A full-body harness is 
a fall protection device that evenly distributes fall-arresting forces 
throughout the body to prevent injury. Guardrail systems consist of 
three railings that must be secured to the personnel side oí upright 
structural members. On large, flat roofs, a warning line system is a 
high-visibility rope marking a controlled-access zone near the edge 
of the roof. 


.It may be desirable to face an array other than due scutn when 


more solar energy is available in the morning or afternoon due lo 
the local climate, or to match demand at certain times of the day. 
Utility-owned PV svstems are sometimes installed facing southwest, 
shifting peak power ouiput to later in the afternoon to coincide with 
peak demand. 
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7. PV arrays are much more sensitive to shading than other solar energy 


11. 


systems. Depending on the magnitude and location of the shading, 
the reduction in output can be disproportionately higher than the 
percentage of array area shaded. In the worst cases, even a 1096 
shading can cause the loss of most of the output. For this reason, 
installers must carefully assess the shading potential at an installa- 
tion site, and be prepared to adjust array location and/or orientation 
to minimize shading. 


. Problems with roof coverings are determined through visual inspec- 


tions. These issues include brittleness, cracking, warping, misalign- 
ment, flaking, and rusting. Problems with the underlying structural 
supports involve inspecting the rafters or trusses from underneath 
for warping and signs of leaks. From the top of the roof, flatness 
can be checked by stretching a string line across the roof in various 
directions to reveal dips. Movement from walking across the roof 
indicates weakened roof supports that must be further inspected. 


Some PV systems are specifically designed to produce a certain 
amount of energy or power, such as stand-alone systems or inter- 
active systems with battery backup. These systems are sized from 
a minimum energy requirement for the required load scaled up to 
account for power losses in the system. Interactive systems without 
a battery backup, however, have no minimum power output require- 
ment. These systems are often sized based on space and/or cost 
limitations with a performance estimate that is the peak rating of the 
array scaled down to account for power losses in the system. 


Chapter 4. System Components 
and Configurations 


1. 


Electrical power demand usually fluctuates considerably but PV power 
is produced in a relatively steady process. Therefore, the electricity 
supply does not always coincide with when it is needed. Excess 
energy must be stored for later use, and then recovered when it is 
needed at high demand. Energy-storage systems level out energy 
production and demand. 


. Inverters convert DC power from battery systems or arrays to utility- 


grade AC power for AC loads or export to the utility grid. Inverters may 
be individual devices or may be combined with other devices into a 
single power conditioning unit (PCU). The other devices included in 
power conditioning units may include charge controllers, rectifiers, or 
maximum power point trackers. However, since an inverter is com- 
monly the major component in a multifunction PCU, the unit is still 
often called an "inverter? 


. The voltage and current output from an array can vary with tempera- 


ture, irradiance, and load, and produce power outputs anywhere up to 
the rated (maximum) power level. For any combination of temperature 
and irradiance, there is a maximum possible power output that cor- 
responds to a certain voltage and current. A maximum power point 
tracker (MPPT) uses electronics to continually adjust the load on a 
PV device under changing temperature and irradiance conditions to 
keep it operating at its maximum power point, maximizing the array 
output. 


. Stand-alone PV systems are sized and designed to power a specific 


electrical load using the solar radiation resource at a given location. 
Stand-alone systems, since they have no other power source to rely 
On, are often sized for the worst-case scenario: highest load demand 
with lowest average insolation. If the system includes a battery bank, 
the array must be sized to both charge the battery bank and operate 
the load. 


. Utility-interactive systems make a bi-directional interface with the 


utility at the distribution panel or electrical service entrance. When the 
PV system does not produce enough power to meet system loads, 
additional power is imported from the utility. If there is an excess of 
PV power, the excess power is fed back (exported) to the grid. For 
exporting, the inverter must monitor the utility's power to match the 
voltage, phase, and other parameters. If the inverter is bimodal, then 
it also senses utility outages and then switches to back-up mode. 
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Hybrid systems offer greater system reliability and flexibility in meeting 
variable loads because they use multiple energy sources. Common 
energy sources used in hybrid systems include engine generators, 
wind turbines, and micro-hydroelectric generators. Since the other 
energy sources may be active at night or on demand, unlike PV arrays, 
hybrid systems are better able to meet varying electricity demands. 


Chapter 5. Cells, Modules, and Arrays 


1. 


11. 


13. 


Crystalline silicon cell wafers are produced in three basic types: 
monocrystalline, polycrystalline, and ribbon silicon. The wafer is 
etched and placed into a diffusion furnace, where phosphorous 
gas penetrates the outer surfaces of the cell, creating a thin 
n-type semiconductor layer surrounding the original p-type semi- 
conductor material. The edge of the wafer is then abraded and grid 
patterns are screen printed on the top surface of the cell to provide 
electrical connections. Finally, the entire back surface of the cell is 
coated with a thin layer of aluminum that alloys with the silicon and 
neutralizes the n-type semiconductor layer on the back surface. 


. The photovoltaic effect describes how photons free electrons in PV 


cells and induce them to flow. A short-circuit condition typically allows 
uncontrolled current from an infinite supply of electrons. However, the 
electrons in a PV device cannot be released without the initial energy 
from the photons, so there is a finite supply. Therefore, the short-circuit 
current is limited to the quantity of electrons made available by the 
photons. 


. PV devices with higher efficiencies require less surface area to pro- 


duce each watt of power, which saves some costs for raw rnaterials, 
mounting structures, and other equipment. However, higher efficiency 
modules are generally no less expensive than less efficient ones, 
because the price for modules is generally based on the maximum 
power rating and not on the size. 


. Changes in solar irradiance have a small effect on voltage, but a 


significant effect on the current output of PV devices. The current of 
a PV device increases proportionally with increasing incident solar 
irradiance. Consequently, since the voltage remains nearly the same, 
the power also increases proportionally. 


. Cell temperature must first be measured or estimated using the 


temperature-rise coefficient. Temperature coefficients for voltage, cur- 
rent, and power must also be determined, either from manufacturer's 
documentation or by converting common percentage coefficients. 
Values for voltage, current, and power parameters, rated at a certain 
solar irradiance and cell temperature, are used as reference points. 
The coefficients are used with equations to determine the amount 
of change from the reference values due to temperatures other than 
the rated cell temperature. 


When PV devices with dissimilar current outputs are connected in 

series, current output is limited to the current of the lowest-current 
output device in the entire string. The voltage output of the circuit 
equals the sum of the voltages of the individual devices. PV devices 
with dissimilar current output may be connected in parallel. The 
resulting current is the sum of the individual currents and the overall 
voltage is the same as the average voltage of all the devices. 


Solar irradiance and module cell temperature have great effects on 
module performance, and many factors can affect the cell tempera- 
ture, such as ambient temperature, wind speed, location, materials, 
and mounting configuration. Ideal test conditions can produce very 
different results than more-realistic field conditions. Therefore, it is 
important to understand the test conditions used to evaluate perfor- 
mance so that realistic predictions can be made about actual system 
performance. 


Chapter 6. Batteries 


1. 


A battery is a collection of electrochemical cells that are contained 
in the same case and connected together electrically to produce a 
desired voltage. A battery cell is the basic unit in a battery that stores 


electrical energy in chemical bonds and delivers this energy through 
chemical reactions. A battery cell consists of one or more sets of posi- 
tive and negative plates immersed in an electrolyte solution. 


. Capacity is the measure of the electrical energy storage potential of a 
cell or battery. Several physical factors affect the capacity, including the 
quantity of active material; the number, design, and dimensions of the 
plates; and the electrolyte concentration. Operational factors afiecting 
capacity include discharge rate, charging method, temperature, age, 
and condition of the cell or battery. 


. A traction battery is a class of battery designed for repeated deep- 
discharge cycle service. Traction batteries are very popular in PV 
systems for their deep-cycle capability, long life, and durability. 


. Autonomy is the number of days a battery system can operate the 
system loads without further charging. A low average daily DOD 
results in a longer autonomy because a smaller portion of battery 
capacity is drained each day. Therefore, a given capacity can support 
a greater number of days at the average daily DOD. A high average 
daily DOD reduces autonomy because a larger amount of battery 
capacity is drained each day, so the capacity can support fewer days 
ai this rate. 


. Abaltery bank is a group of batteries connected together with series 
and parallel connections to provide a specific voltage and capacity. 
Connecting batteries in series increases system voltage. The resulting 
voltage is the sum of the voltages of Ihe individual batteries. Batteries 
do not need to be the same voltage, but total capacity will be limited 
to the battery with the lowest individual capacity. Connecting batteries 
in parallel increases system capacity. The resulting capacity is the 
sum of the capacities of the individual batteries. 


Chapter 7. Charge Controllers 


1. Charge acceptance is the ratio of the increase in battery charge to 
ihe amount of charge supplied to the battery. Since a given amount of 
capacity always requires more charge to overcome losses and ineffi- 
ciencies, charge acceptance is always less than 100%. Overcharge is 
the ratio of applied charge to the resulting increase in battery charge. 
Overcharge is the inverse of charge acceptance. 


. Interrupting-type charge controllers regulate charging current by 
switching the charging current ON and OFF. Interrupting-type charge 
controllers are simple designs, but not widely used in PV systems. 
Since the array current is switched abruptly, they have difficulty 
avoiding excessive overcharge and are best used with the rnore 
tolerant flooded, open-vent batteries. A linear-type charge controller 
limits the charging current in a linear or gradual manner with high- 
speed switching or linear control. Linear-type charge controllers 
provide a more consistent charging process, so they can generally 
charge batteries more efficiently and faster. Linear-type controllers 
are compatible with more types of batteries. 


. Pulse-width modulation (PWM) simulates any level of current by 
switching a full current ON and OFF in pulses. The switching is done 
at very high speed (several hundred hertz) so that the effect appears 
smooth. The length of time that the current is ON is the width of the 
pulse and determines the simulated current level. When the battery 
is partially charged, the current pulse is essentially ON all the time. 
To simulate a lower charging current as the voltage rises, the pulse 
width is decreased. For example, if the pulses switch the full charging 
current so that it is ON half the time and OFF half the time, the result 
effectively simulates a current at 50% of the full current. 


. A charge controller setpoint is a battery voltage at which a charge 
controller performs charge regulation or load control functions. The 
voltage regulation (VR) setpoint is the voltage that triggers the onset of 
battery charge regulation. The array reconnect voliage (ARV) setpoint 
is the voltage at which a charge controller reconnects the array to 
the battery and resumes charging. The low-voltage disconnect (LVD) 
setpoint is the voltage that triggers the disconnection of system loads 
io prevent battery overdischarge. The load reconnect voltage (LRV) 
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setpoint is the voltage at which a charge controller reconnects loads 
to the battery system. 


9. Temperature affects battery charging characteristics, so some charge 
controllers automatically adjust setpoints to compensate for this 
facior. When battery temperature is !ow, temperature compensation 
increases the VR selpoint to allow the battery to reach a moderate 
gassing level and fully charge. When battery temperaiure is high, the 
VR setpoint is lowered to minimize excessive overcharge and elec- 
trolyte loss. Temperature compensation helps ensure that a battery 
is fully charged during coid weather and not overcharged during hot 
weather. 


11. Low-voltage modules are composed of fewer cells than most modules, 


affecting the scale of the I-V curve. As the batteries near full charge, 
the voltage of the charging circuit rises, With low-voltage modules, 
the increase in voltage within the normal range of battery voltages 
produces a corresponding decrease in current, which effectively limits 
ihe battery charging to a float-charging level. 


Chapter 8. Inverters 


1. The roiating generators that provide most of the electrical power 
on the utility arid naturally produce sine waves, so most loads are 
designed to operate trom sinusoidal AC power. Therefore, interactive 
inverters must produce sine waves for utility synchronization. Other 
wavetorms may damage loads. 


3. Power-quality problems can be caused by the power source, but they 
can also be caused by loads on the electrical system. Eoth of these 
causes can be true for inverter output circuits. Fortunately, most in- 
verters self-monitor for power quality autematücally, so problems are 
usually easy to identify. Harmonics are present in square waves and 
modified square waves, so harmonics issues are especialiy important 
for inverters producing these types of waveforms. 


5. Thyristors and transistors are solid-state electronic components used 
in inverters. Both types of components perform switching functions 
when activated by a control signal. However, thyristors are activated 
by a small current, while transistors are activated by a small voltage. 
Also, thyristors can be only cemplete!'y ON or completely OFF, while 
transistors can be activated by any degree in between, like a dimmer 
switch. 


7. Puise-widlh modulation (PWM) simulates waveforms by switching a 
series device ON and OFF al high frequency and for variable lengths 
oi time. When the pulses are narrow, the current is OFF most of the 
time, which simulaies a low voltage. When pulses are wide, the cur- 
rent is ON most of the time, which simulates a high voltage. By using 
very high frequencies and gradual changes in pulse width, the PWM 
output appears to be a smooth, true sine wave. 


9. Solid-state switching devices are capable of handling only so much 
current before they become overheated and fail. Therefore, ther- 
mal management in electronic inverters is a major concern, and 
temperature is the primary limiting factor for inverter power ratings. 
Many inverters use heat sinks and/or ventilation fans io regulate 
temperature. Interactive inverters control high temperatures by forcing 
a higher DC input voltage, which reduces the input current. 


11. Most modern inveriers provide features for data monitoring and 


communications. Interfaces may include displays and controls on 
the inverter itself, while others interface with remote units or comput- 
ers. Inverter interfaces typically provide basic system information, 
including interconnection status, AC output voltage and power, DC 
input voltage, MPPT slatus, error codes, fault conditions, and other 
parameters. Many inverters record energy production on daily arid 
cumulative bases. 


Chapter 9. System Sizing 


1. Sizing interactive systems begins with the specifications of a PV 
module chosen for the system. Module ratings at Standard Test 
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Conditions (STC) are used to calculate the total expected array DC 
power output per peak sun hour. This is then derated for various losses 
and inefficiencies in the system, which includes guaranteed module 
output that is less than 100%, array operating temperature, array 
wiring and mismatch losses, inverter power conversion efficiency, 
and inverter MPPT efficiency. The result is a final AC power output 
that is substantially lower but realistically accounts for expected 
real-world conditions. 


3. Bimodal systems normally operate as interactive systems, but can 
operate as stand-alone systems during utility outages. Therefore, 
the bimodal systems are typically sized according to the stand-alone 
methodology. However, a significant difference between bimodal sys- 
tems and true stand-alone systems is that bimodal systems typically 
supply only a few select critical loads while in stand-alone mode. 


5. Sizing PV systems for stand-alone operation involves four sets of 
calculations. First, a load analysis determines the electrical load 
requirements. Then, monthly load requirements are compared to the 
local insolation data to determine the critical design parameters. Next, 
the battery bank is sized to be able to independently supply the loads 
for a length of time if cloudy weather reduces array output. Finally, 
the PV array is sized to fully charge the battery bank according to 
the critical design parameters. 


7. Several factors must be considered when selecting an inverter. The 
inverter must have a maximum continuous power output rating at 
least as great as the largest single AC load and be able to supply 
surge currents. For voltage output, most stand-alone inverters 
produce either 120 V single-phase output or 120/240 V split-phase 
output. Some higher-power inverters output three-phase power. 
The inverter DC-input voltage must also correspond with either the 
array voltage (for interactive systems) or the battery-bank voltage 
(for stand-alone systems). 


9. Most stand-alone systems are sized for a system availability up to 
about 95% for noncritical applications and to 99% or greater for critical 
applications. Each percentage-point increase in system availability 
costs is increasingly more expensive for larger battery banks and 
arrays, which is impractical from an economic standpoint for all but 
the most critical applications. Sizing of stand-alone systems must 
achieve an acceptable balance between system availability and cost 
goals for a given application. 


11. Just as with battery banks, certain factors reduce the array output 
from the factory ratings to actual output values. Array current output 
is reduced when dust and debris collect on the array surface, block- 
ing solar radiation. Another two factors determine the required array 
voltage rating: high temperature and a necessary increase in voltage 
in order to charge the batteries. 


Chapter 10. Mechanical Integration 


1. Cooler arrays generally are more reliable, last longer, operate with 
greater efficiency, and produce more power, so array temperatures 
Should be minimized wherever possible. Active cooling means, such 
as fans and water-circulating pumps, may be used with some con- 
centrating arrays, but are not practical for flat-plate modules. Only 
passive cooling means are employed for flat-plate modules, such 
as mounting the array in a way that allows air circulation around the 
modules. Keeping modules and arrays clear of obstructions also 
promotes natural cooling. 


3. While the outward appearance of arrays and overall installations has 
little to do with system functionality or performance, it has a notable 
influence on consumer acceptance of PV technology. For arrays 
mounted on sloped roofs, the lines and location of the array should 
be consistent with building features. Color may be a consideration 
in choosing and integrating modules to complement other building 
colors. Finally, quality workmanship on the overall system installation 
improves the aesthetic appearance. 


5. A BIPV array replaces some conventional building materials with 
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modules that also perform a structural or cladding function. BIPV 
systems replace conventional building materials such as roof shingles, 
windows, skylights, awnings, and facades. The cost of the array is 
partially offset by avoiding the cost of some of the conventional build- 
ing materials, though high engineering and architectural costs often 
outweigh the savings. 


. Sun-tracking arrays increase the array's power output, but are com- 


plex systems and require a greater investment in time and expense. 
In order for active tracking mounts to be effective, the solar energy 
gained by tracking must more than compensate for the electrical 
energy used by active tracking motors. The energy gain must also 
offset the increased maintenance and troubleshooting likely with 
these systems. 


. The principal types of structural loads are dead loads, live loads, 


wind loads, snow loads, and vibration loads. These loads are either 
static or dynamic. Static loads are constant loads, while dynamic 
loads change in magnitude and sometimes in direction. Dead loads 
and snow loads are static loads. Live loads, wind loads, and vibration 
loads are dynamic loads. 


Lag screws must be secured into thick, solid pieces of wood, such 
as rafters. When attachment points must be made where there are 
no rafters underneath, doubled-up blocking can be used. Blocking 
is the addition of lumber under a roof surface and between trusses 
or rafters as supplemental structural support. 


Chapter 11. Electrical Integration 
1. 


Article 690 addresses requirements for all PV installations covered 
under the scope of the NEC®. As an electrical system, though, many 
other articles may apply. Some are directly referenced from Article 690 
as sources for further general information on system equipment and 
installation regulations. Other articles may not be directly referenced, 
but may apply in general to all electrical systems, or may apply for 
certain configurations. Whenever the requirements of Article 690 and 
other articles differ, the requirements of Article 690 apply. 


- A conductors material, insulation type, size, and application (such 


as direct burial, conduit, or free air) determine its nominal ampacity. 
Since temperature affects a conductors ampacity, this nominal 
ampacity is derated (reduced) for ambient application temperatures 
higher than the nominal 30*C. When more than three current-carrying 
conductors are installed together in a conduit or raceway longer than 
24', conductor ampacities must be further derated. 


- PV arrays and their corresponding electrical connections are usually 


installed with full exposure to the elements, including temperature 
extremes, sunlight (UV) exposure, and precipitation. Consequently, 
any conductors used for these circuits may need to be rated for 
outdoor applications with high temperature, sunlight, and moisture 
resistance. Conductors may also need to be rated for at least 90°C 
(194°F). Conductors in array tracking systems must be especially 
flexible to withstand repeated movement, which can weaken or crack 
regular insulation and break conductor strands. These conductors 
must be rated as “hard-service,” flexible cables, in addition to being 
listed for outdoor use. 


. Junction boxes are protective enclosures used to terminate, combine, 


and connect various circuits or components together. Junction boxes 
on the back surface of a module contain and protect the module's 
terminals and bypass diodes. Combiner boxes are used to combine 
multiple parallel array source circuits into the PV output circuit. 


- Conductors and overcurrent protection devices are sized to handle 


125% of maximum possible current. The maximum current is based 
on the short-circuit current of the PV circuit (either a source circuit 
or the output circuit), which is increased by 12595 to account for 
irradiance higher than the rating conditions. Therefore, conductor 
ampacity and overcurrent protection device ratings are equal to 
125% of 125%, or 156% (125% x 125% = 156%), of the PV circuit's 
short-circuit current. 


11. 


13. 


15. 


Supplementary overcurrent protection devices are intended to protect 
an individual component and to be used in addition to higher-rated 
branch-circuit overcurrent proiection devices. Both PV source circuits 
and the PV output circuit must include overcurrent protection, out 
since the source-circuit protection is in addition to the PV output circuit 
protection, the source-circuit devices may be rated as supplementary. 
In this case, the PV source circuit, composed of a series string of 
modules, is treated as a single component. 


Most PV systems involve both AC and DC, which involves the iricor- 
poration of the grounding requiremenis for these portions of the PV 
system. These two grounding systems must be bonded together. 
There are two acceptable methods of meeting this requirement. 
In the first method, separate AC and DC grounding electrodes are 
connected with the bonding conductor. In the second method, the 
DC grounding system is bonded to the AC grounding system, which 
is then connected to a single grounding electrode through an AC 
grounding electrode conductor. This method is more common for 
grounding interactive PV systems. 


PV systems with batteries must also include some method of 
controlling the charge applied to the batteries. In the case of self- 
regulated systerns, charge control is accomplished through careful 
sizing and matching of the array to the battery bank. Most systems, 
however, which have a potential charging current greater than C/33 
(3% of the battery capacity per hour), must include an active means 
of charge control. 


Chapter 12. Utility Interconnection 


1. 


Various parameters, such as phase sequence, voltage, frequency, 
and phase balance, must be synchronized between two AC electri- 
cal systems before they are interconnected. For rotating generators, 
this synchronizing involves modityirig the speed and power of the 
mechanical rotation and requires external controls. Solid-state invert- 
ers include microprocessors to monitor and automatically adjust the 
output, requiring no external devices. Also, inverters have no moving 
parts. 


. IEEE 1547 is a family of standards, guides, and recommended prac- 


tices. ANSI/IEEE 1547-2003, Standard for Interconnecting Distributed 
Resources with Electric Power Sysiems, is a broad interconnection 
standard addressing requirernents for all types of distributed power 
sources, including FPV systems, fuel cells, wind turbines, engine gen- 
erators, and large combustion turbines. It establishes requirements for 
testing, performance, maintenance, and safety of interconnections, as 
well as responses to abnormal events, islanding, and power quality. 
Additional, specific technical issues are addressed in the IEEE 1547. 
X series. 


. The point of connection is the location at which an interactive distrib- 


uted-generation system makes its interconnection with the electric 
utility system. The NEC? permits the output ot interactive PV inverters 
to be connected to either the load side (customer side) or supply side 
(utility side) of the service disconnect. For many smaller sysiems, 
the point of connection is usually made on the load side, usually at 
a circuit breaker in the distribution panel. When the requirements for 
a load-side connection are not possible (such as due to the size of 
the PV system), interactive systems may be connected to Ihe supply 
side. 


. The interactive inverter must display a label that it is listed to applicable 


standards for interactive operation. A directory of all the power sources 
for a building must also be placed in a central location. Additionally, 
if the interconnection is on the load side of the main service discon- 
nect, then the panelboard must also be labeled showing all sources 
of power. 


. When interconnecting a distributed-generation power source to the 


electric utility, the utility cornpany assumes some of the risks and 
responsibilities of the customer's system. The utility must ensure that 
the system is safe for the customer, their neighbors, and the utility 
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lineworkers who may work on or near the system. They must also be 
sure that the system will not adversely affect the operation of loads 
anywhere else on the system. Insurance requirements cover the 
customer and the utility in the event of a problem or accident with the 
system. Inspection rights allow the utility to check for listed equipment 
and proper insiallation before interconnection. Interconnection tees 
offset some of the additional costs utilities incur from this process. 


Chapter 13. Permitting and Inspection 


1. Loca! jurisdictions may choose to develop their own building code 
or they can adopt a rnodel building code. They can also make small 
modifications to a model building code to suit their locale. Therefore, 
while some aspects of building codes are common in most jurisdic- 
tions, there can still be differences between iurisdictions. 


3. Classified products can be tested to ihe same standards as listed 
products and can be of equal quality. The difference is that listed 
producis are evaluated for all reasonably foreseeable situations ap- 
plicable to the standard, while classified products are evaluated for 
only a certain set of circumstances. 


5. Permit applications require certain information abcut the scope and 


specifications of the work, typically including the construction tasks, 
location, permit applicant, expiration date, and inspection require- 
ments. Permit applications for PV systems should contain site draw- 
ings, electrical diagrams, specifications for major components and 
equipment, and array mounting information. This documentation is 
the basis for the plans review and subsequent on-site inspections. 


7. An inspection checklist provides an extensive list of code references 
for PV systems, based on the NEC? and industry standards. NEC? 
section citations are included for reference. An inspection checklist 
is not intended to include every apoiicable requirement, but can be 
a useful guide to common PV-system issues for inspectors, as well 
as PV-system designers, installers, and operators. 


Chapter 14. Commissioning, Maintenance, 
and Troubleshooting 


1. One at a time, each disconnect is closed and each component is 
switched OM, and voltage and current are compared with expected 
values. (Array and battery bank voltages should be confirmed before 
closing their disconnects.) Meters, indicators, and displays on charge 
controllers and inverters are used for measuring and verifying system 
parameters. If there are any installation problems, this reduces the 
chances of safety hazards and damaged equipment. If at any step the 
sysiem parameters are outside of the acceptable range, the startup 
should be aborted and troubleshooting procedures should be used 
to find the cause of the problem. 


3. A complete documentation package should include system and 


equipment manuais, permitting documents, and any warranty 
or service information. System manuals generally include safety 
requirements, electrical and mechanical drawings, parts lists with 
sources, system warranty information, and procedures for operation, 
maintenance, and troubleshooting. A decumentation package should 
include the manuals for all major components, including PV modules, 
inverters, and charge controllers. Copies of permits, certificates of 
inspection, and utility interconnection agreements should also be 
included. 


5. Batteries are usually the most maintenance-intensive components 


in any PV system. Open-vent batteries are the most maintenance- 
intensive type of batteries because they need periodic water addi- 
tions and cleaning. Sealed batteries require much less maintenance. 
Baitery maintenance tasks include cleaning, tightening termirials, 
watering, and checking battery health and performance. Perfor- 
mance checks include specific gravity measurements, load tests, 
and capacity tests. 
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7. The specific gravity of the electrolyte in open-vent batteries should 


11. 


be checked as part of a regular maintenance schedule, and more 
often if problems are suspected. Specific gravity can be used to 
estimate battery state of charge in lead-acid batteries (though not 
in nickel-cadmium batteries). Relatively small variations between 
individual cells indicate that an equalization charge may be required. 
Significantly low specific gravity of individual cells indicates cell failure 
or shorts and likely requires battery or cell replacement. 


. Using computer software, information from data-acquisition systems 


can be plotted to illustrate the changes of values over time. This fa- 
cilitates spotting trends and correlations between parameters. When 
troubleshooting, data-acquisition systems are invaluable tools. They 
allow the technician to review past records and identify slow trends 
over time or short-term events that may have impaired system per- 
formance. 


Observation involves determining what part of the system is not work- 
ing properly and observing the conditions that may have contributed 
to the cause. This includes obvious problems such as broken or 
burned equipment, water intrusion, and blown fuses. All equipment 
with monitoring, such as inverters and charge controllers, should 
be checked for error or fault indicators. Some indicators will provide 
very detailed information. Observation also includes attention to more 
subtle clues, such as any recent changes in the load requirements, 
maintenance plan, or weather patterns. 


Chapter 15. Economic Analysis 


1. 


Incentives stimulate the renewable-energy technology industries 
because more-affordable systems increase demand. Higher demand 
increases production and promotes research into more-efficient sys- 
tems and manufacturing methods, both of which lower system costs. 
At some point, the costs of renewable energy will be competitive with 
traditional fossil-fuel sources, so there will no longer be a need for 
subsidies; incentive programs are intended as a relatively short-lived 
effort. 


. Tax incentives are typically categorized as deductions or credits. Ex- 


emptions are fundamentally similar to deductions. When an incentive 
is offered as a tax deduction, an amount is removed from a taxable 
value. Since the tax owed is calculated as a percentage, the smaller 
taxable value results in less tax owed. In contrast, tax credits do not 
reduce a taxable value. Instead, they cancel a portion of actual taxes 
owed. Credits may be based ona set dollar amount, a percentage of 
the cost of the system, or a certain amount per unit of energy produc- 
tion, such as cents per kilowatt-hour. Neither deductions (exemptions) 
nor credits are automatically better than the other. Their ultimate value 
to the consumer depends on several factors. 


. In states with renewables portfolio standards (RPSs), which require 


that utilities produce a minimum amount of their electricity with renew- 
able resources, those utilities that fail to meet their quota can purchase 
RECs. Purchasing RECs gives the buyer the right to claim excess 
"green" energy produced elsewhere as their own to fulfill their quota. 
In à way, the price paid for the RECs acts as a penalty mechanism. In 
return for an REC, the renewable-energy producer receives funds that 
help offset the costs of the initial system investment and/or contribute 
to future investment in renewable-energy technologies. 


. In order to make a valid comparison, the systems analyzed must 


meet the same load demands with the same reliability over the same 
lifetime. This may require adding additional components, such as 
an energy-storage system, to match system power output to power 
demand. Components for system redundancy may also be required 
to make the two systems equivalent in reliability and system avail- 
ability. 


. The annualized cost is a portion of the total life-cycle cost attributed 


equally to each year of operation. However, simply dividing the total 
life-cycle cost by the number of operating years assumes that costs 
are spread evenly over the operating period, which is rarely the 


11. 


case. From a cash-flow perspective, this inaccurately profiles the 
life-cycle cost. Also, the simple division assumes that the costs are 
numerically equal for every year, which is also not the case. The 
annualized cost method assigns an equal present value for each 
year, but because of the time value of money, the numerical values 
for future costs will vary. 


The different types of incentives must be treated differently, depend- 
ing on how they are applied. Rebates and grants are one-time pay- 
ments that reduce the initial costs. Production-based incentives and 
renewable energy certificates are recurring payments. If the incentive 
income can be considered approximately equal for each year of op- 
eration, the recurring present value factor can be used to calculate 
their present values. Loans add additional cost in yearly increments, 
but since the values of principal and interest change each year, the 
recurring present value factor cannot be used. Financial analysis 
software is the best tool for accurately determining the costs of loans. 
The application of tax incentives to life-cycle cost varies, though most 
are one-time savings credited to the initial costs. 


Math Review 


*Additional solar radiation data sets and sun path charts are available on the included CD-ROM. 
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Math Review 


EXPONENTS 


An exponent is a number placed at the upper right-hand side of another (base) number. An exponent indicates the 
power to which the base number is raised; that is, it indicates how many times the base number is used as a multi- 
plication factor. Exponents can also be applied to letters that represent variables. 


For example: 
FSII 3 x3 
ae aX a 


There are two special cases of exponents. The first special case is an exponent of 1. Any base number with an 
exponent of 1 is equal to the number. The other special case is an exponent of 0 (zero). Any base number with an 
exponent of 0 (zero) equals 1. 


For example: 
TT 
Kx 


13° = y? = 10999 = | 


Negative Exponents 


A number with a negative exponent is equivalent to 1 divided by the result of raising the base number to the indi- 
cated power. 


For example: 


3-033 
jg; LET 
9 
Logd 
3 —— = = 0.04 
SH 9j 


Fractional Exponents 


A base number with a fractional exponent is equal to the nth root of the base number, where n is the number in the 
denominator (bottom number) of the fraction. For example, a “2” in the denominator indicates a square root, and a 
“3” indicates a cube root. The numerator (top number) of the fraction is treated in the same way as a whole number 
exponent, except that it is combined with the root function. The order in which the powers and roots are calculated 
does not affect the answer. 


For example: 

16? = 46 -4 

27^ = 927 =3 

27? = {27 =3/729 =9 


275 -f 27) = 
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Math Operations 


Numbers with exponents must be evaluated before adding or subtracting. Numbers with exponents may be multiplied 
or divided before evaluating the exponents only if the base numbers are identical. When multiplying numbers with 
the same base, the exponents are added together. When dividing numbers with the same base, the exponent of the 
denominator is subtracted from the exponent of the numerator. 


For example: 
4* x ? ZAxAx4x4x42 47? 2 4 21024 


St SX5SX5X5x5x5 _ gs 
2: Sx 


25475 


TRIGONOMETRY 


Trigonometry includes the study of the relationships between angles and side lengths of triangles. An understand- 
ing of basic trigonometry is useful for working with solar declination, tilt, azimuth, and profile angles. The term 
"trigonometry" is often shortened to "trig" in common usage. 


Angles 

An angle is a measure of the rotation between two lines. Angles are commonly measured in degrees, designated with 
a degree symbol (^). A right angle 1s a 90? angle and is marked with a small square. The sum of the three angles in 
a triangle always equals 180°. For example, if a triangle contains a 90? angle and a 30? angle, then the third angle 
must be 60°. This is true because 90 + 30 + 60 = 180. 


Right Triangles 

The right triangle is a fundamental part of trigonometry. A right triangle is a triangle where one of the angles is 
exactly 90°. When performing calculations with a right triangle, an angle other than the 90° angle is chosen as the 
reference angle. The reference angle is often designated with a lowercase Greek letter such as alpha (œ) or theta 
(0). See Figure A-1. 


RIGHT 


a 
A L- REFERENCE 
^ e ANGLE 


ae ee = T. 


Figure A-1. ADJACENT (A) 


A 
\ OPPOSITE (0) 


The sides of the triangle are given names based on their location relative to the reference angle. The side of the 
triangle next to the reference angle and connecting to the right angle is called the adjacent side (A). The side of 
the angle opposite the right angle is called the hypotenuse (H). The side opposite the reference angle is called the 


opposite side (O). 


Trigonometric Functions 
A function is a mathematical equation used to solve for unknown values. There are three basic trigonometric func- 
tions based on the right triangle. These functions are the sine (sin), cosine (cos), and tangent (tan) functions. 
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The functions are based on the ratios of the lengths of the sides of the triangle and are defined relative to the 
reference angle. For example, the sine function is the ratio of the length of the opposite side to the length of the 
hypotenuse. The sine function is conventionally written as follows: 

opposite  O 


sin (0) = p = 
ypotenuse H 


Likewise, the cosine function is the ratio of the length of the adjacent side to the length of the hypotenuse. The 
cosine function is conventionally written as follows: 
dj t A 
EOD e 
hypotenuse H 
The tangent function is the ratio of the length of the opposite side to the length of the adjacent side. The tangent 
function is conventionally written as follows: 
it 
(ee 
adjacent A 
The value of a trigonometric function of a certain angle in a right triangle is always the same, regardless of the 
size of the triangle. See Figure A-2. These values are usually determined with a scientific calculator that includes 
trigonometry functions, though they can also be looked up in trigonometric tables organized by angle. 


6.0 
3.0 
3.20 27 
1.60 
0 E 0 
2.77 52 
1.60 l 3. 
in@=——.= 2.30. 
S 329 ^99 sin 0 $9795 
277 52 
COS ge ———— ed EAS = 
Sms 999 cos @= 24 = 0.866 
-1.60 _ EGGS 
Figure A-2. es 277 d tan 0 = ao 0.577 


Using Trigonometric Functions 


The predictable relationship between angles and side lengths means that trigonometric functions can be used to 
solve for unknown values. The unknown value can either be the length of a side or the degrees of an angle. There 
must be at least two known values in order to form a trigonometric formula with an unknown value. The appropriate 
trigonometric function is chosen based on the known and unknown information. 

For example, a right triangle with a reference angle of 30° has one side length equal to 5. See Figure A-3. The 
other side lengths are unknown. Since the known side is adjacent to the angle and the desired side is opposite to the 
angle, the tangent function is chosen. 


Appendix 429 


OPPOSITE tan(0) = 


o 
A 
tan30? = e 
5 
O =5 x tan30° 


O =5x 0.577 
0 =2.89 


Figure A-3. ADJACENT 


If the hypotenuse side were known instead of the adjacent side, the sine function would have been appropriate. 
Alternatively, if the same sides were used with the third angle, the tangent function would still be appropriate but the 
formula would be arranged differently. Since the third angle can be easily determined in this case (180? — 90° — 30° = 
60^), the calculation can be checked in this way. See Figure A-4. Using the third angle as a reference angle, the known 
side equal to 5 is the opposite side and the desired side is the adjacent side. 


; O 
tan (8) == 
HYPOTENUSE ad DMEDUITE i 
SS tan 60° = — 
a A 
p i EN 
at. ~ tan60° 
^ 80 
n B m P 
ED 
Figure A-4 ADJACEN Was 
A = 2.89 


When two sides are known and an angle is the unknown value, the angle must be determined from the ratio of two 
appropriate sides. Therefore, the trigonometric function must be done in reverse. The inverse of a trigonometric function 
is typically designated with the prefix “arc.” For example, if sin (8) = y, then 0 = arcsin (y). Another way to indicate the 
inverse of a trigonometric function is to include an exponent of —1 immediately after the function. For example, sin! 


1 
(y) is equivalent to arcsin (y). (This should not be confused with [sin (y)] +, which is equal to S ) 


For example, a right triangle has a hypotenuse equal to 6 and one side equal to 3. See Figure A-5. Because of the 
arrangement of the known side lengths and the desired angle, the sine function is chosen. 


ea 7 wn sin (8) = E 
HYPOTENUSE - d | /- OPPOSITE H 
- | tes 
C 
sin(8) = 0.5 
0 — arcsin (0.5) 
Figure A-5. 8 = 30° 


The angle is determined by using the inverse trigonometric capability on a calculator or by looking up the angle 
associated with the sine value of 0.5 in trigonometric tables. In this case, the angle is 30°. 
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ALBUQU ERQUE, NM (35.1 ?N, 1 06.6°W) Elevation: 1619 m Pressure: 838 mb 
SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A FIXED TILT* 
Tilt Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 
Average 3.2 4.2 5.4 6.8 7.7 8.1 7.5 6.9 5.9 4.7 3.5 2.9 5.6 
0? Minimum 2.6 3.4 4.4 6.2 6.9 74 6.8 5.9 5.4 4.0 2.8 2.2 5.1 
Maximum eu 4.7 6.2 7.3 8.3 8.7 7.9 7.4 6.6 5.3 3.9 3.3 5.9 
Average 4.6 5.4 6.3 7.3 7.7 7.8 7.4 7.2 6.6 5.9 4.8 4.3 6.3 
Lat — 15? Minimum 3.6 4.3 5.1 6.5 6.8 7.2 6.7 6.1 6.0 4.9 3.8 3.1 5.7 
Maximum 5.4 6.1 7.3 7.8 8.3 8.3 7.8 TET 7.4 6.8 5.5 5.0 6.6 
Average 53 6.0 6.5 7.2 7.2 7.1 6.9 6.9 6.8 6.5 5.5 5.0 6.4 
Lat? Minimum 4.1 4.7 5.3 6.4 6.4 6.6 6.3 5.8 6.1 5.2 4.3 3.6 5.8 
Maximum 6.3 6.8 7.7 7.7 7.7 7.5 7.2 7.4 7.6 7.4 6.4 6.0 6.8 
Average 5.8 6.2 6.5 6.6 6.3 6.1 6.0 6.3 6.5 6.6 5.9 5.5 6.2 
Lat + 15° Minimum 4.4 4.8 5.1 5.9 57 5.6 5.5 5.3 5.8 5.3 4.6 3.8 5.5 
Maximum 6.9 7.1 7.6 7.1 6.8 6.4 6.3 6.7 7.3 7.7 6.9 6.6 6.5 
Average 52 5.4 4.5 3.7 2.8 2.4 2.5 3.2 4.2 5.1 5.2 5.1 4.1 
90? Minimum 3.9 3.9 3.5 3.4 2.5 2.2 2.3 2.8 3.7 4.0 3.9 35 3.5 
Maximum 6.4 5.8 5.4 4.0 3.0 2.5 2.7 - 3.4 4.6 6.0 6.2 6.2 4.4 
SOLAR RADIATION FOR 1-AXIS TRACKING FLAT-PLATE COLLECTORS WITH A NORTH-SOUTH AXIS* 
Axis Tilt Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 
Average 4.9 6.2 7.6 9.6 10.6 10.9 9.9 9.2 8.3 7.0 5.3 4.5 7.8 
0? Minimum 3.7 4.7 5.7 8.4 9.0 9.5 8.5 7.4 7.0 5.5 4.1 3.2 6.9 
Maximum 5.9 7.1 9.3 10.6 11.8 12.1 10.8 10.3 9.6 8.4 6.3 5.4 8.3 
Average 5.9 7.1 8.3 10.0 10.6 10.8 9.9 9.5 8.8 7.9 6.3 5.5 8.4 
Lat — 15? Minimum 4.4 5.4 6.2 8.7 9.1 9.5 8.5 7.6 7.5 6.1 4.8 3.8 7.4 
Maximum 7.2 8.1 10.2 11.0 11.9 12.0 10.8 10.6 10.4 9.5 7.5 6.7 8.9 
Average 6.5 7.5 8.6 9.9 10.3 10.4 9.5 9.3 9.0 8.3 6.8 6.1 8.5 
Lat? . Minimum 4.8 5.7 6.4 8.7 8.8 9.1 8.1 7.5 7.6 6.3 5.2 4.2 7.5 
Maximum 7.9 8.7 10.5 10.9 11.6 11.5 10.4 10.4 10.5 10.0 8.1 7.4 9.1 
Average 6.9 7.7 8.5 9.5 9.7 SY 8.9 8.9 8.8 8.4 7.1 6.5 8.4 
Lat + 15? Minimum 5.1 5.8 6.3 8.3 8.3 8.4 7.6 7.1 7.4 6.4 5.3 4.4 7.3 
Maximum 8.4 8.9 10.4 10.6 10.9 10.7 9.8 9.9 10.3 10.1 8.5 7.9 8.9 


SOLAR RADIATION FOR 2-AXIS TRACKING FLAT-PLATE COLLECTORS* 
Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 


Average 6.9 7.7 8.6 10.0 10.8 11.1 10.0 9.5 9.0 8.4 7.2 6.6 8.8 
2-Axis Tracking Minimum 5.1 5.8 6.4 8.8 9.2 9.7 8.6 7.7 7.6 6.4 5.3 4.4 7.7 
Maximum 8.5 8.9 10.5 11.1 12.1 12.3 11.0 10.6 10.5 10.1 8.6 8.1 9.4 


DIRECT BEAM SOLAR RADIATION FOR CONCENTRATING COLLECTORS* 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
4.5 


1-Axis (E-W) Average 4.6 4.6 5.3 5.9 6.3 5.5 5.2 4.9 5.1 4.6 4.4 5.1 
nx Minimum 3.1 3.0 3.0 4.3 4.7 5.3 4.3 3.7 3.9 3.3 2.8 2.6 4.3 
Maximum 5.8 5.7 6.2 6.1 7. 74 6.4 6.0 6.2 6.5 5.9 5.7 5.5 
1-Axis (N-S) Average 3.7 4.6 5.6 7.2 8.0 8.4 7.2 6.7 6.2 5.4 4.0 3.4 5.9 
Tracking, Minimum 2.5 3.0 3.4 5.7 6.1 6.8 5.4 4.7 4.7 3.4 2.4 2.0 4.8 
Tilt = 0° Maximum 4.8 5.7 7.6 8.4 97 10.0 8.4 7.9 7.9 7.2 5.2 4.5 6.4 
i-Axis (N-S) Average 5.1 5.7 6.3 7.4 TA 7.8 6.8 6.8 6.7 6.5 5.4 4.8 6.4 
Tracking, Minimum 34 3.7 3.9 5.8 5.9 6.4 5.1 4.7 5.1 4.1 3.2 2.8 5.3 
TiltzLat? ^ Maximum 6.6 7.2 8.6 8.6 9.3 9.4 7.9 8.0 8.6 8.6 6.9 6.3 7.0 
Average 5.4 5.9 6.3 7.5 8.1 8.5 7.3 7.0 6.8 6.6 5.7 5.2 6.7 
2-Axis Tracking Minimum 3.7 3.8 3.9 5.9 6.2 6.9 5.5 4.9 5.2 4.2 3.4 3.1 5.6 
Maximum 7.1 7.8 8.6 8.8 9.9 102 8.5 8.2 8.7 8.6 73 6.8 7.3 

AVERAGE CLIMATIC CONDITIONS 


——————— A a ——————— POE 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average Temperature (°C) 1.2 4.4 8.3 12.9 17.9 23.4 25.8 


24.4 20.3 13.9 6.8 1.8 13.4 
Average Low (°C) EST -3.1 0.1 4.2 9.2 14.6 18.0 17.0 12.9 6.1 -0.4 -4.9 5.7 


8.2 11.9 16.3 21.6 26.5 32.2 33.6 31.7 27.7 21.7 14.1 8.6 21.2 


Record Low (°C) -27.2 -20.6  -133 -7.2 -2.2 4.4 11.1 11.1 2.8 -6.1 -21.7 -21.7 -27.2 
Record High (°C) 20.6 24.4 29.4 31.7 36.7 406 406 383 378 32.8 25.0 22.2 40.6 
Heating Degree Days! 531 389 312 167 49 0 0 0 10 144 345 512 2458 


Cooling Degree Days! 0 0 0 4 36 155 233 188 70 6 0 0 691 


Relative Humidity (%) 56 50 40 33 31 30 42 47 48 45 50 57 44 
Wind Speed (m/s 3.7 3.9 4.5 4.9 4.8 4.5 4.0 3.8 


3.8 3.6 3.6 3.5 4.1 


* jin KWh/m?/day, +9% 
t based on 18.3°C (65°F) 


Appendix 431 


CARIBOU, ME (46.9°N, 68.0°W) Elevation: 190 m Pressure: 991 mb 
SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A FIXED TILT* 

- Tilt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 1.6 2.6 3.8 4.6 5.2 5.7 5.6 4.8 3.6 2.3 1.4 1.2 3.6 

0? Minimum 1.3 1.9 3.0 3.5 3.6 4.7 4.6 4.0 3.1 1.8 ded 0.9 3.1 

E T . Maximum 1.8 2.9 4.3. 94 6.2 6.4 6.5 5.7 4.2 2.7 Tog 1.5 3.7 
Average 2:9 3.9 50 "ST Sal 56 56 HD 43- 31 922 22 42 

Lat — 15? Minimum 2.0 2.7 3.6 3.8 3.6 4.4 4.5 4.2 3.6 2.3 1.6 1.4 3.6 
Maximum 3.7 47 5.6 6.2 6.3 6.2 6.6 6.2 5.2 3.9 2.9 3.1 4.5 

Average 33 4.3 5) 5.0 4.9 5.1 5.2 4.9 4.3 3.3 2.4 2.5 4.2 

Lat? Minimum 2.3 2.9 3.7 3.6 3.4 4.1 4.2 40 3.5 2.4 1.8 1.6 3.6 

^ __ Maximum A3 oe 59 52 59€ Sy Gle G0. 52 Z 41 32 NEN 45 
Average 3.5 45 52 47 44 {5 46 4.5 4.1 3.3 2.5 2.7 4.0 

Lat + 15° Minimum 2.4 3.0 3.6 3.3 3.0 3.5 3.6 3.6 3.3 2.3 1.8 1.6 3.4 
Maximum AL aus 5.9 5.9 5.2 4.9 5.3 5.4 5.0 4.2 3.4 3.9 4.3 

Average 3.4 42 4.6 3.7 2.9 2.8 2.8 30 3.2 2.8 23 27 3.2 

90° Minimum 2.3 2.8 3.1 2.4 2.0 2.3 2.3 2.5 2.5 2.0 1.6 1.5 2.6 

f Maximum 4.7 5.2 53 4.8 3.4 3.0 3.2 3.7 3.8 3.6 3.2 3.9 3.5 

SOLAR RADIATION FOR 1-AXIS TRACKING FLAT-PLATE COLLECTORS WITH A NORTH-SOUTH AXIS* 

Axis Tilt — Jan — Feb ^ Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 2.5 3.8 5.4 6.1 6.8 7.3 7.3 6.4 5.0 Sh 1.9 1.9 4.8 

0° Minimum 1.8 27 3.7 4.1 4.2 5.4 5.8 ul 3.9 2.3 1.5 1.1 4.0 
Maximum 3.2 4.6 6.2 7.6 8.1 8.6 9.2 7.8 5.8 40 2.6 2.6 5.1 

Average 3.4 4.8 6.5 6.6 7.0 7.4 7.4 7 5.5 3.8 25 2.6 5.3 

Lat — 15° Minimum 2.4 3.3 4.3 4.4 4.2 5.4 5.8 5.4 43 2.7 1.9 1.5 4.4 
Maximum 46 50 73 83 83 86 94 83 67 48 35 38 57 

Average 3.7 5.1 6.5 65 6.7 7.1 7.2 6.6 5.6 3.9 2.7 2.8 5.4 

Lat? Minimum 2.6 3.4 43 4.3 4.1 5.1 5.6 5.2 4.3 2.8 2.0 abge 4.4 

- Maximum 51 64 75) 83 81 8&3 91 7.82 67 51 38 42 58 
Average 39 53 65 5.3 6.3 6.6 6.7 6.3 5.4 3.9 2.8 3.0 5.2 

Lat + 15° Minimum 27 3.5 4.3 4.1 3.8 4.8 5.3 5.0 4.2 2.8 2.0 1.7 4.2 
cO Maximum 54 66 75 _ 81 76 78 86 78 65 51 39 44 57 
SOLAR RADIATION FOR 2-AXIS TRACKING FLAT-PLATE COLLECTORS* 0 _ 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

NA Average 40 5.2 6.5 6.6 qa 7.6 76 6.8 5.6 4.0 2.8 3.0 5.6 
2-Axis Tracking Minimum 27 eM 4.3 4.4 4.3 5.6 6.0 5.4 4.3 2.8 2.0 1.7 4.5 
Maximum | 5.4 6.5 7.5 8.3 B4 X 89 9.6 8.4 6.7 5.1 3.9 4.5 6.0 


DIRECT BEAM SOLAR RADIATION FOR CONCENTRATING COLLECTORS* 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 


Average 21 25 nw 26 ^55 52 32 29 25 {J i 6 J5 

1-Axis (E-W) Minimum 14 14 6 14 15 17 24 22 17 10 08 08 19 
MEERI dein Sin 86 v 36 — 40 44 47 44 34 28 25 27 28 
1-Axis (N-S) Average "a A 20 — 353 598 42 43 38 30 a O a 
Tracking, Minimum 07 14 15 17 18 23 32 29 20 09 05 04 20 
Tilt=0° Maximum 29 29 40 45 54 55 G4 53 40 27 18 16 30 
“Axis (N-S) Average 23 30 37 38 39 40 49" 40 35 "ds EE 1 
Tracking, Minimum Te 16 19 39 “Hie ë 28 Se 31 23 13 09 08 23 
Tit= Lat? ^ Maximum 37 43 49 50 SA 53 62 56 47 36 28 29 35 

"d Average 2.4 3.1 3.7 3.7 4.1 4.4 4.5 4.1 a 24 1.6 1.8 3.3 
2-Axis Tracking Minimum 1.3 17 20 19 19 23 33 32 23 13 09 09 24 
Maximum 40 44 49 54 57 58 67 58 47 37 30 31 3.7 


AVERAGE CLIMATIC CONDITIONS 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 


Average Temperature (°C) — -128 e  -4i 3.3 10.5 15.8 18.6 17.1 12.1 6.2 -Q.7 -9.6 3.8 
Average Low (°C) -18.7 -174 -95 47 45 95 125 112 62 13 -4.6 -147 -1.8 
Average High (°C) -70 -5.0 13 82 165 222 247 231 178 41.1 31 -44 93 
"RecordLow (C) ^ -35.6 4066 -289 189  -78  -11 25 i  -50 -100 -20.6 -35.0  -40.6 
Record High (°C) 11.1 111 228 300 356 356 35.0 350 328 261 200 144 35.6 
"Heating Degree Days! 966 826 696 452 243 i F Eo 376 E b^ ae 

i q gree Days" 0 0 0 0 0 2 0 3 
SU D E (%) 72 70 69 69 6 p 5 B Ää B 7 B 7 73 
Wind Speed (m/s) 5.1 5.0 5.3 5.1 4.8 4.4 4.1 3.8 4.2 4.5 4,7 4.9 4.6 


* in kWh/m?/day, +9% 
t based on 18.3°C (65°F) 


432 Photovoltaic Systems 


CHICAGO, IL (41 .8?N, 87.8°W) Elevation: 190 m Pressure: 992 mb 
SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A FIXED TILT* 

Tilt Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 
Average 1.8 2.6 3.5 4.6 5 6.3 6.1 5.4 4.2 3.0 1.8 1.5 3.9 
0? Minimum 1.5 2.2 3.1 4.0 4.8 5.7 5.4 4.8 3.6 2.5 1.4 1.2 3.7 
Maximum 2.1 3.0 3.9 5.3 6.8 7.2 6.6 6.1 4.9 35 2.1 lev 4.2 
Average 2.7 3.5 4.1 5.0 5.8 6.1 6.1 5.7 4.9 3.9 2.5 2.2 4.4 
Lat — 15° Minimum 2.0 2.8 3.6 4.2 4.8 5.5 5.4 5.0 4.0 3.0 1.7 1.6 4.2 
Maximum 3.1 4.2 4.8 5.9 6.9 7.1 6.6 6.6 5.0 4.7 3.3 2.9 4.8 
Average 3.1 3.8 4.2 4.9 5.4 5.7 5.6 5.5 4.9 4.2 2.8 2.4 4.4 
Lat? Minimum 2.1 3.0 3.6 4.1 4.4 5.1 5.0 4.8 4.0 3.1 1.8 1.8 4.1 
Maximum 35 4.6 4.9 5.8 6.5 : 6.6 6.2 6.4 6.1 5.1 3.7 3.3 4.8 
Average 3.3 3.9 4.1 4.5 4.8 4.9 4.9 5.0 4.7 4.2 2.9 2.6 4.1 
Lat + 15? Minimum 2.2 3.0 3.5 3.8 4.0 4.4 4.3 4.3 3.8 3.1 1.8 1.8 3.8 
Maximum 3.8 4.7 4.9 5.4 57 5.7 5.4 5.8 5.8 5.2 3.8 3.6 4.5 
Average 3.1 3.5 3.2 3.0 2.8 2.6 2.7 3.1 3.4 3.4 2.5 24 3.0 
90? Minimum 2.0 2.5 2.7 2.5 2.4 2.5 2.5 2.8 2.7 2.5 1.5 1.7 2.7 
Maximum 3.7 4.3 3.8 3.6 3.2 3.0 2.9 35 4.2 4.3 3.5 3.5 3.3 


SOLAR RADIATION FOR 1-AXIS TRACKING FLAT-PLATE COLLECTORS WITH A NORTH-SOUTH AXIS* 


Axis Tilt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
2.5 3.5 4.5 5.9 7.3 8.0 7.9 7.0 5.6 4.1 2.4 1.9 5.1 


Average 
0° Minimum Tag 2.7 3.9 4.7 5.8 7.1 6.9 5.9 4.4 3.0 1.6 1.5 4.7 
Maximum 2.9 4.2 5.4 7.3 9.1 9.6 8.9 8.5 6.9 5.0 3.0 2.6 5.7 
Average 3.2 4.2 5.0 6.2 7.4 8.0 7.9 7.3 6.2 4.8 2.9 2.5 5.5 
Lat — 15° Minimum 2.2 3.2 4.3 5.0 5.9 7.1 6.9 6.1 4.8 3.5 1.8 1.8 5.1 
Maximum 3.7 5.2 6.1 7.8 9.4 9.6 9.0 9.0 Z 6.0 3.9 3.4 6.2 
Average 3.5 4.5 5.1 6.1 7.2 7.7 TT. 7.2 6.2 5.0 3.1 2.7 5.5 
Lat? Minimum 2.3 3.3 4.3 4.9 5.7 6.8 6.7 6.0 4.8 3.6 1.9 1.9 5.1 
Maximum 4.1 5.5 6.2 7.8 9.1 9.2 8.7 8.8 7.8 6.3 4.2 3.8 6.2 
Average 3.7 4.5 5.0 5.9 6.8 7.2 7.2 6.8 6.0 5.0 3.2 2.9 5.3 
Lat 4 15? Minimum 2.4 3.3 4.2 4.6 5.4 6.3 6.2 5.7 4.6 3.5 1.9 2.0 4.9 
Maximum 4.3 5.6 6.1 7.4 8.6 8.6 8.1 8.4 7.6 6.3 4.4 4.1 6.0 


SOLAR RADIATION FOR 2-AXIS TRACKING FLAT-PLATE COLLECTORS* 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 3.7 4.6 5.1 6.2 7.5 8.2 8.1 7.4 6.2 5.0 3.2 2.9 5.7 
2-Axis Tracking Minimum 24 3.4 4.3 5.0 6.0 7.2 7.1 6.2 4.8 3.6 1.9 2.0 5.2 
Maximum 4.3 5.6 6.2 7.8 9.5 9.8 9.2 9.0 7.8 6.3 4.4 4.1 6.4 


DIRECT BEAM SOLAR RADIATION FOR CONCENTRATING COLLECTORS* 
Jan Feb Mar Apr Ma Jun Jul Au Sep Oct Nov Dec Year 


Average 20° 22 Be —26 33 37 489 «33 Come OG . jo. "C MNEEETE 
ee al Minimum 1.1 19 146 18 21 30 28 29 19 15 07 09 23 
Maximum 25. 49 11 38 4d 49 44 44 41 36 26 25 32 

1-Axis (N-S) Average 1g 10 24 838 43 à 48 28 D 34 259913 ad 
Tracking, ^ Minimum 07 11! 16 22 28 40 38 30 22 14 05 06 26 
Tilt=0° Maximum 17 | 28 34 48 64 64 59 59 47 35 19 16 36 
1-Axis (N-S) Average 21" 26 29 85 143 46 46 “as 39 329985 7 (cums: 
Tracking, ^ Minimum 12 45 20 24 28 39 37 34 25 o a 0 DU 
Tilt-Lat? ^ Maximum 27 39 41 52 63 (0! 56 01 51 4:95 D EL 
Average 93 of 29 36 45 80 49 145 gio” CONNEOO IRI mena 

2-Axis Tracking Minimum 13 16 20 24 30 44 39 32 25 19 08 10 30 
Maximum 29 40 4d 5» 67 eb 61 G2 Ga du 0 RS 


AVERAGE CLIMATIC CONDITIONS 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average Temperature (°C) -6.1 -3.7 2.9 9.2 14.9 203 229 221 18.0 11.6 4.4 -3.0 9.4 
Average Low (°C) -10.6 -8.2 -1.9 3.7 8.7 14.2 17.0 16.4 12.2 5.7 -0.2 -7.2 4.2 
i -1.7 0.8 7.7 14.8 21.2 26.4 28.7 27.7 23.8 17.4 9.1 1.1 14.8 
Record Low (°C) -32.8 -27.2 -22.2 -13.9 -4.4 2.2 4.4 5.0 -2.2 -8.3 -17.2 -31.7 -32.8 
Record High (°C 18.3 21.7 31.1 32.8 33.9 40.0 38.9 38.3 37.2 32.8 25.6 21.7 40.0 


Heating Degree Days‘ 758 616 479 273 131 19 3 11 47 217 417 661 3631 
Cooling Degree Dayst 0 0 0 26 79 144 126 37 7 0 0 


g Deg y 0 418 
Relative Humidity (76) 72 72 70 65 64 66 68 71 71 69 73 76 70 
Wind Speed (m/s 5.2 5.1 5.4 5.3 4.6 4.2 3.7 3.6 4.0 4.5 4.8 4.9 4.6 
* in kWh/m*/day, +9% 

t based on 18.3°C (65°F) 


Appendix 433 


PORTLAN D, OR (45.6°N, 1 22.6°W) Elevation: 12 m Pressure: 1017 mb 
SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A FIXED TILT* 
Tiit Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 
Average 1.2 1.9 3.0 4.2 5.3 5.9 6.3 5.4 4.1 2.5 1.4 1.0 3.5 
0° Minimum 0.9 1.4 2.4 3.4 4.3 4.8 5.0 4.6 3.2 1.8 0.9 0.7 3.1 
Maximum 1.5 2.4 3.8 4.8 6.2 6.9 7.2 6.3 4.9 3.2 1.7 1.3 3.8 
Average 1.7 2.5 3.6 4.6 5.4 5.8 6.3 5.9 5.1 3.4 1.9 1.4 4.0 
Lat - 15° Minimum 1.1 1.4 2.7 3.5 4.3 4.7 4.9 5.0 3.7 2.3 1.1 1.0 3.5 
Maximum 2.7 3.6 5.0 5.4 6.3 6.8 7.2 7.0 6.2 4.6 2.8 215 4.3 
Average 1.9 2.6 3.7 4.5 5.0 5.3 5.8 5.6 5.1 3.6 2.1 1.6 3.9 
Lat? Minimum 1.2 1.4 2.6 3.4 4.0 4.3 4.6 4.8 3.6 2.3 1.2 1.0 3.4 
Maximum 3.0 - 3.9 5.2 5.3 5.9 6.2 6.7 6.7 6.4 5.0 3.1 2.9 4.2 
Average 1.9 2.7 3.5 4.1 4.4 4.6 5.1 5.1 4.9 3.6 2.1 1.6 3.6 
Lat + 15° Minimum 1.2 1.3 25 3.1 35 3.8 4.0 4.3 3.4 2.2 1.2 1.0 3.2 
Maximum 3.2 4.0 5.1 4.9 5.2 5.3 5.8 6.1 6.1 5.0 3.2 3.1 3.9 
Average 1.8 eel 2.8 2.9 2.8 2.7 3.1 3.4 3.7 3.0 1.9 1.5 2.6 
90° Minimum 1.0 1.0 1.9 2.2 2.3 2.3 2.5 2.9 2.6 1.8 1.0 0.9 2.3 
Maximum 31 35 41l 35 33 31 34 40 47 43 29 30 239 
SOLAR RADIATION FOR 1-AXIS TRACKING FLAT-PLATE COLLECTORS WITH A NORTH-SOUTH AXIS* 
_ Axis Tilt i Jan Feb Mar Apr — May Jun Jul Aug Sep Oct Nov Dec Year 
Average 1.5 2.4 3.8 5.2 6.6 7.4 8.3 7.3 5.7 3.4 1.7 1.2 4.5 
0° Minimum 0.9 1.3 2.7 EN 4.8 5.8 6.1 5.7 3.8 2.2 1.0 0.8 3.9 
Maximum 2.3 3.4 5.4 6.4 8.0 9.2 9.9 9.0 7.2 4.7 2.4 2.0 5.0 
Average 1.9 2.9 4.3 5.6 6.8 7.5 8.4 7.7 6.4 4.1 2.1 1.6 4.9 
Lat — 15° Minimum 1.1 1.4 2.9 3.9 4.9 5.8 6.1 6.1 4.2 2.5 1.2 1.0 4.2 
Maximum 3.2 4.3 6.3 6.9 8.3 9.3 10.1 9.6 &2 5.8 3.2 2.9 5.4 
Average 2.0 3.0 4.3 E15 6.5 7.2 8.1 75 6.5 4.3 2.2 1.7 4.9 
Lat? Minimum 1.2 1.4 2.9 3.8 4.7 5.6 5.8 5.9 4.2 2.5 1.2 1.0 4.2 
Maximum 3.5 4.6 6.4 6.3 8.0 8.9 9.8 9.5 8.4 5.1 35 Sig) 5.4 
Average 2.1 3.0 4.2 5.3 6.1 6.7 7.6 7.2 6.3 4.2 2.3 1.7 4.7 
Lat + 15° Minimum 1.2 1.3 2.8 3.6 4.4 5.2 5.5 5.6 4.0 2.5 1.2 1.0 4.0 
Maximum 3.6 4.6 6.3 6.5 7.5 83 9.2 9.0 8.2 6.1 3.6 3.4 5.2 


SOLAR RADIATION FOR 2-AXIS TRACKING FLAT-PLATE COLLECTORS* 
Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 


l Average 2.1 3.0 4.4 5.6 6.9 7.7 8.6 TT 6.5 4.3 2.3 1.8 5.1 
2-Axis Tracking Minimum 1.2 1.4 2.9 3.9 5.0 6.0 6.2 6.1 4.2 2.5 1.3 1.0 4.3 
Maximum 3.7 4.7 6.4 6.9 8.4 9.5 10.3 9.7 8.4 6.1 3.6 3.5 5.6 


DIRECT BEAM SOLAR RADIATION FOR CONCENTRATING COLLECTORS* 
Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 


h Average 1.0 1.4 1.9 2.2 2.8 3.4 4.2 3.8 3.3 2 1.1 0.8 2.3 
1-Axis (E-W) — Minimum 02 02 09 11 14 22 22 25 15 09 04 02 139 
E num 24 27 34 34 39 48 60 52 47 36 22 22 29 
T-Axis (N-S) Average o6 Ti i9 27 36 44 54 48 37 2o 07 05 Z6 
Tracking, Minimum 02 02 09 13 18 29 29 31 16 08 03 01 24 
Tit=0° Maximum 15 22 37 #38 51 63 81 67 53 33 14 13 32 
T-Axis (N.S) Average 143 16 24 —80 36 42 558 50 44 279880] 059] CQ CMS 
Tracking, Minimum 03 02 11 14 18 27 28 33 19 11 05 02 23 
Tilt- Lat? ^ Maximum 26 32 A5 42 51 61 78, 70 63 44 23 23 36 
Average 19 17 ^24 30 B8 45 57 g 44 a å S OUD 3E 

2-Axis Tracking Minimum 03 02 11 14 19 30 30 34 20 11 05 02 24 
Maximum 27 32 45 43 54 66 84 73 63 45 25 25 38 


AVERAGE CLIMATIC CONDITIONS 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 


Average Temperature (?C) 4.2 6.4 8.5 10.6 13.9 17.5 20.1 20.3 17.4 12.5 7.8 4.6 12.0 
Average Low (°C) 0.9 2.3 3.7 5.2 83 116 136 138 111 72 4.2 1.6 6.9 
Average High (°C) 74 106 133 159 195 233 266 268 23.7 178 11.4 7.6 17.0 
Record Low (°C) -4&9 -194  -72  -i/  -7 3.9 6.1 6.7 11 33 10.6 -144 -194 
Record High (°C 17.2 217 267 306 37.8 37.8 41.7 41.7 406 333 228 178 417 
Heating Degree Days! - 437 333 305 233 138 51 16 19 57 181 315 427 2512 
Cooling Degree Days' 0 0 0 0 0 26 71 82 28 0 0 0 206 
Relative Humidity (26) 81 78 75 72 69 66 63 65 69 78 82 83 73 
Wind Speed (ms) 44 4.2 3.8 34 34 3.4 3.5 3.3 31 3.0 40 42 3.6 


* in kWh/mf/day, +9% 
t based on 18.3°C (65°F) 


434 Photovoltaic Systems 


SAN FRANCISCO, CA (3 7.6?N, 122.4°W) Elevation: 5 m Pressure: 1017 mb 
SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A FIXED TILT* 

Tilt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 2.2 3.0 4.2 5.7 6.7 7.2 7.3 6.5 5.4 3.9 2.5 2.0 4.7 
0? Minimum 1.8 2.3 3.3 4.4 5.7 6.1 6.9 5.7 4.7 3.2 2.1 1.4 4.4 
Maximum 2.5 3.9 5.3 6.4 7.4 7.9 7.9 7.3 6.0 4.4 2.9 2.4 4.9 
Average 3.1 3.9 5.0 6.2 6.8 7.0 7.3 6.9 6.2 5.0 3.5 2.9 5.3 
Lat - 15° Minimum 2.4 2.9 3.8 4.7 5.7 5.9 6.9 6.0 5.3 4.0 2.8 1.9 4.9 
Maximum 3.8 5.5 6.5 7.0 7.5 7.7 7.8 Jon 7.1 5.8 4.3 3.9 5.6 
Average 3.5 4.2 5.2 6.1 6.4 6.5 6.8 6.7 6.4 5.4 3.9 3.4 5.4 
Lat? Minimum 2.7 3.1 3.9 4.6 5.4 5.4 6.4 5.8 5.4 4.3 3.1 2.0 4.9 
Maximum 4.3 6.1 6.8 6.9 7.1 7.1 7.2 7.4 7.3 6.4 4.9 4.6 5.7 
Average 3.7 4.4 5.1 5.6 5.7 5.6 5.9 6.1 6.1 5.5 4.1 3.6 5.1 
Lat + 15? Minimum 2.8 3.1 3.8 4.2 4.8 4.7 5.6 5.3 5.2 43 3.2 2.1 4.6 
Maximum 47 6.4 6.8 6.4 6.3 6.1 6.3 6.7 7.0 6.5 5.2 5.0 5.5 
Average 3.3 3.6 3.7 3.4 2.8 2.5 2.7 3.3 4.1 4.3 3.6 3.3 3.4 
90? Minimum 2.5 2.4 2.7 2.6 2.5 2.3 2.6 3.0 3.5 3.4 2.8 1.9 2.9 
Maximum 4.2 5.4 4.9 3.8 3.0 2.6 2.8 3.6 4.7 5.2 4.6 4.7 3.7 


SOLAR RADIATION FOR 1-AXIS TRACKING FLAT-PLATE COLLECTORS WITH A NORTH-SOUTH AXIS* 


Axis Tilt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
3.0 4.1 5.7 7.6 8.8 9.3 917 8.7 7.4 5.5 3.5 2.8 6.3 


Average 
0° Minimum 2.3 2.8 4.1 5.6 7.0 7.5 9.0 7.4 6.2 4.3 2.8 1.7 5.7 
Maximum 3.7 6.0 7.7 8.9 10.1 10.8 10.7 10.2 8.8 6.5 4.4 3.8 6.7 
Average 3.7 47 6.3 8.0 8.9 9.2 9.7 9.0 8.1 6.3 4.3 3.5 6.8 
Lat - 15° Minimum 2.8 3.3 45 5.8 7.1 7.4 9.0 7.7 6.7 4.8 3.3 2.0 6.1 
Maximum 4.6 7.1 8.6 9.4 10.3 10.7 10.8 10.6 9.6 7.6 54 4.8 7.2 
Average 4.0 5.0 6.5 8.0 8.7 8.9 9.4 8.8 8.2 6.6 4.6 3.9 6.9 
Lat? Minimum 3.0 3.4 4.6 Bur 6.8 TA 8.7 7.5 6.8 5.1 3.5 2.2 6.1 
Maximum 5.1 7.6 8.9 9.4 10.0 10.3 10.4 10.4 9.7 8.0 5.9 5.4 7.3 
Average 4.2 5.1 6.4 TA 8.1 8.2 8.7 8.4 8.0 6.7 4.8 4.1 6.7 
Lat + 15° Minimum 3.1 3.4 4.5 5.5 6.4 6.6 8.1 7.1 6.6 5.1 3.6 2.3 5.9 
Maximum 5.4 7.8 8.8 9.0 9.4 9.6 9.7 9.9 9.5 8.1 6.1 5.7 7.1 


SOLAR RADIATION FOR 2-AXIS TRACKING FLAT-PLATE COLLECTORS* 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 4.2 5.1 6.5 8.1 9.0 9.4 9.9 9.0 8.2 6.7 4.8 4.1 7.1 
2-Axis Tracking Minimum 3.1 3.4 4.6 5.8 7.2 7.6 9.2 7.7 6.8 5.1 3.7 2.3 6.3 


Maximum 5.4 2108. 89 195 104 100 11.0 106. 97 8i 6.2 _ 58 75 
ONO | 97 | 81 62 BTS 
DIRECT BEAM SOLAR RADIATION FOR CONCENTRATING COLLECTORS* 


Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 25 2.8 3.3 4.0 4.7 5.1 5.5 4.9 4.6 3.9 2.8 2.5 3.9 


P Minimum 16 15 19 24 33 36 49 37 33 26 18 1i 3.2 
Maximum 35 49 52 52 57 63 64 61 56 50 39 39 42 

1-Axis (N-S) Average "o 25 38 52 G61 (65 11 83 E54 o EU EET 
Tracking, Minimum 12  Á13 21 381 42 46 62 47 40 25 15 08 37 
Tilt-0* Maximum 26 46 #60 67 75 83 83 80 68 50 32 28 47 
1-Axis (N.S) Average 27 $3 44 54 58 “64 68 54 B0  ddmmed> =o mers 
Tracking, Minimum 1B ty 25 32 41 43 59 48 44 32 20 12 40 
Tilt - Lat? ^ Maximum 3.8 6.0 6.9 7.0 7.3 7.7 7.9 8.1 7.6 6.3 4.4 42 5.3 
Average 28 34 #44 55 689 87 179 660 Hj ZCSEERS 4 HEC 

2-Axis Tracking Minimum 19 i17 @5 89 4S 47 64 50 44 322998 2 DE 
Maximum 40 Gi 69 71 77 84  à85 83 76 63 47 45 55 


AVERAGE CLIMATIC CONDITIONS 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average Temperature (°C) 9.3 11.2 11.8 13.1 14.5 16.4 17.1 17.6 18.1 16.1 12.7 am 13.9 
Average Low (?C) 5.4 7.2 T 8.4 9.8 11.4 12.2 12.8 12.9 11.0 8.4 5.9 9.4 
Average High (°C) 13.1 15.2 16.0 17.7 19.2 21.3 22.0 22.4 23.1 21.2 16.9 13.4 18.4 


Record Low (°C) -4.4 =5) 56) zi -0.6 2.2 5.0 6.1 5.6 3.3 1.1 -3.9 -6.7 -6.7 
Record High (°C) 22.2 25.6 29.4 33.3 36.1 41.1 40.6 36.7 39.4 37.2 29.4 23.9 41.1 
Heating Degree Days! 281 199 202 159 121 67 51 38 44 75 170 269 1676 


3.5 4.9 


* in KWh/m?/day, +9% 
t based on 18.3°C (65°F) 
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TAMPA, FL (28.0?N, 82.5°W) Elevation: 3 m Pressure: 1018 mb 
SOLAR RADIATION FOR FLAT-PLATE COLLECTORS FACING SOUTH AT A FIXED TILT* 
Tilt Jan Feb Mar Apr Ma Jun Jul Au Se Oct Nov Dec Year 
Average 3.2 4.0 5.1 6.2 6.4 6.1 5.8 5.5 4.9 4.4 3.6 3.1 4.9 
0° Minimum 2.6 3.4 4.3 5.8 5.7 5.1 5.1 4.6 43 3.6 3.0 27 4.5 
Maximum ^ 37 4.5 5.6 68 74 6.9 6.4 6.3 5.4 4.9 4.0 3.5 5.2 
Average 3.9 46 5.5 6.4 64 59 57 55 52 50 42 38 52 
Lat- 15? ^ Minimum 3.0 3.8 4.7 5.9 5.7 5.0 5.0 4.7 4.5 4.0 3.4 3.1 4.7 
. Maximum 4.6 53_ 61 TA 7.0 6.7 6.3 6.3 5.8 5.6 4.8 4.4 5.5 
Average 45 5.1 5.8 6.3 6.0 5.5 53 54 52 54 48 44 53 
Lat? Minimum 3.3 4.2 4.8 5.9 5.4 4.7 4.7 4.5 4.5 4.1 3.8 3.5 4.8 
Maximum 5.3 5.9 6.4 7.0 6.6 6.2 5.9 6.2 5.6 6.1 5.6 5.2 5.7 
Average 4.8 5.3 5.7 50 53 48 47 49 50 55 51 47 51 
Lat« 15? Minimum 3.5 4.3 47 5.4 4.8 4.1 4.2 4.2 4.3 4.1 4.0 37 4.6 
Maximum 5.8 6.2 6.4 6.5 5.8 5.3 5.2 5.6 5.7 6.2 6.0 5.7 5.5 
Average 4.0 4.0 3.5 2.8 2.0 TZ 1.8 22 29 3.9 42 4.1 3.1 
90? Minimum 28 3.2 3.0 2.6 1.9 1.6 I7 2.0 2.4 2.8 3.1 3.1 27 
Maximum 5.0 4.8 4.0 3.0 21 1.8 1.9 2.4 3.2 4.4 5.0 5.0 3.3 
SOLAR RADIATION FOR 1-AXIS TRACKING FLAT-PLATE COLLECTORS WITH A NORTH-SOUTH AXIS* 
Axis Tilt Jan Feb Mar Apr May X Jun Jul Aug Sep Oct Nov Dec _ Year 
Average 4.5 5.5 6.8 8.3 8.3 7.5 7.1 6.8 6.2 6.0 4.9 42 6.3 
0° Minimum 3.3 4.3 5.5 7.5 7. 6.0 6.0 5.6 5.2 44 3.9 3.3 5.6 
Maximum 5.4 6.6 7.9 9.4 9.4. 8.8 8.1 8.1 7.2 6.8 5.8 5.2 6.9 
Average 5.0 59 7.2 8.4 8.2 74 Y: 6.9 6.5 6.4 5.4 4.8 6.6 
Lat- 15? ^ Minimum 3.5 4.6 5.8 77 Fat 5.9 6.0 5.7 5.3 4.7 4.2 3.7 5.8 
Maximum 6.0 71 8.3 9.6 9.3 8.7 8.0 8.2 7.5 73 6.4 5.8 7.2 
Average 54 6.3 73 84 8.0 7 6.8 6.8 6.5 6.7 5.9 5.2 6.7 
ate Minimum 3.8 4.9 5.9 7.6 6.9 5.7 5.7 5.6 5.3 4.8 4.5 4.0 5.9 
Maximurn 6.6 7.6 8.5 9.6 9.1 8.4 vn 8.0 7.6 7.7 6.9 6.4 7.3 
Average 5.6 6.4 73 8.1 7.5 6.6 6.3 6.4 6.4 6.8 6.1 5.5 6.6 
Lat« 15° — Minimum 3.9 4.9 5.8 73 6.4 5.3 5.3 5.3 5.2 4.8 4.6 4.2 5.8 
Maximum 7.0 7.8 8.5 9.2 8.5 7.8 7.2 7.6 7.4 7.8 7.3 6.8 7.2 
SOLAR RADIATION FOR 2-AXIS TRACKING FLAT-PLATE COLLECTORS* 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 4 64 74 8.5 8.3 7.6 72 6.9 6.5 6.8 6.1 5.6 6.9 
2-Axis Tracking Minimum 3.9 5.0 5.9 TT 7.2 6.0 6.0 5.7 5.4 4.9 4.6 4.3 6.1 
Maximum 71 78 8.5 9.7 9.4 8.9 8.1 8.2 7.6 7.8 7.3 7.0 7.6 
DIRECT BEAM SOLAR RADIATION FOR CONCENTRATING COLLECTORS” 
Jan Feb Mar__ Apr May Jun Jul Aug Sep Oct Nov Dec Year 
i Average 3.3 3.6 38 4.3 4.1 3.4 3.1 3.0 Dg 3.5 3.5 3.4 3.5 
iis (EW) — Minimum 19 24 26 35 31 22 23 20 20 20 23 22 28 
racking Maximum 46 — 4B #48 #53 50 46 #39 #40 37 44 46 45 44 
m S (N-S) Average 3.0 3.7 47 57 5.4 44 4.0 3.9 3.6 3.9 3.3 2.9 4.0 
Tracking, Minimum 1.6 2.4 3.2 T 4.1 2.8 3.0 2m 2.5 2.3 2.2 1.8 3.2 
Tilt = 0° Maximum 4.1 5.1 5.9 7.1 6.7 5.9 5.0 5.3 4.8 49 4.3 3.9 4.7 
— 4-Axis (N-S) Average 3.8 44 51 5.8 5i 4.1 38 38 38 45 41 4 643 
Tracking, Minimum 2.1 2.8 3.5 4.8 3.9 2.6 2.8 2.7 27 2.6 2.8 23 3.4 
Tilt Lat? Maximum 5.2 6.0 6.5 re Bau 47 EA 5.0 5.6 5.3 5.0 5.1 
~~ Average 4.0 45 5.1 59 54 45 4.0 3.9 3.8 4.5 4.3 4.0 4.5 
2-Axis Tracking Minimum 2 2.9 3.5 4.8 4.1 2.8 3.0 27 27 2.6 2.9 2.5 3.6 
Maximum 5.5 6.2 6.5 7.3 6.7 6.0 5.1 5.4 5.0 5.7 5.6 5.4 5.3 


AVERAGE CLIMATIC CONDITIONS 


Jan Feb Mar Apr Ma Jun Jul Aug Sep Oct Nov Dec Year 
Average Temperature (°C) 155 164 19. 218 251 2/42 2/8 2/8 9/2 238 198 168 22.4 
Average Low (°C) 100 109 136 160 197 227 236 236 227 184 140 113 172 
Average High (°C) 21.0 219 248 276 307 319 323 323 317 291 _ 254 223 27.6 
Record Low (°C) k die 44 WT 44 94 17 172 194 139 447 509 78 -78 
Record High (°C) 300 31.1 328 339 367 372 361 367 356 344 322 30.0 37.2 
"Heating Degree Days' 130 89 47 4 0 0 0 0 0 0 39 95 403 
Cooling Degree Days! 42 34 — 71 107 210 267 294 294 267 171 82 47 1887 
Relative Humidity (% D dE A 72 69 70. 74 77 78 77 74 75 75 74 
Wind Speed (m/s) = 3.9 4.1 4.2 4.1 3.9 3.6 3.3 3.1 3.4 3.8 3.8 3.8 3.8 


* in kWhin#/day, +9% 
t based on 18.3°C (65°F) 
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SUN PATH CHART FOR 40°N 
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SUN PATH CHART FOR 60°N 
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INTERACTIVE SYSTEM SIZING 
&» p 


€ ol 


Enter the maximum DC power rating (at STC) 
for the chosen module. 


Enter a derating factor for manufacturer power 
guarantee. Due to small differences between cells, 
not every module designed for a certain rating will 
exactly equal that rating. It may be slightly less 
than the rating, but the manufacturer may guar- 
antee that it will be at least a certain percentage, 
typically 90% (0.90), of the rating. 


Enter the number of modules in the array. 


Calculate the minimum guaranteed power output 
of the array. 


P sP xxn 
mp g m 


arr-g 
O-0:0:9 
Enter the average expected module operating 
temperature. 


€ Enter the relative temperature coefficient for 
power. This value may be given by the module 
manufacturer. Otherwise, typical values range 
from --0.4%/°C to -0.5%/°C (-0.004/°C to 
-0.005/°C). 


Calculate the temperature-corrected array power 
output. 


Pet = P rea ar GS x Cyr ^ e ii 25]) 


«€9-O -(Q «O *[(€» -25) 
Enter a factor to account for power losses due to 


wiring and module mismatch. A typical value is 
3% (0.03). 


Calculate the net array power output. 
He cde P x G 


arr-net arr-T rr-T ies) 
© -0@-(@«®) 
. Enter the inverter maximum DC power input 


rating. This value should be given in the inverter 
specifications. 


Enter the inverter power conversion efficiency. 
This value should be given in the inverter speci- 
fications. Typical values range from 90% to 95% 
(0.90 to 0.95). 


«D Nuper Enter the inverter MPPT efficiency. This value 
can be as high as 100% (1.00) 


Calculate the inverter maximum AC power output. 
This calculation depends on its input rating. 


«D» 


inv-AC 


If the inverter maximum DC power input rating 
is greater than or equal to the maximum array 
output, the array output is used to calculate the 


inverter output. 
> — 
If Pipe = Ler then dC px E cu x Tha * Tlurpr 


If D 2 @, then O - O x Ox «D 
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Interactive System Sizing Worksheet 


PV-Module Rated DC Power Output 
Manufacturer Power Guarantee 
Number of Modules in Array 

Array Guaranteed Power Output 


Array Avg Operating Temperature 
Temperature Coefficient for Power 


Temperature-Corrected 
Array Power Output 


Array Wiring and Mismatch Losses 
Net Array Power Output 


Inverter Maximum DC Power Rating 


Inverter Power Conversion Efficiency 
Inverter MPPT Efficiency 
Inverter Maximum AC Power Output 


Average Daily Insolation 
Average Daily Energy Production 


PSH/day 


«D Wh/day 
«D  kWh/day 


D Input values that are entered into calculations 


@ Output values that must be caleulated or determined 


If the inverter maximum DC power input rating is 
less than the maximum array output, the inverter 
DC input rating is used to calculate thc inverter 
output. 


If Ee S Le. then oes = T x "es x Tluppr 


If D <O. thn O - D x 4D « «D 


@ PSH Enter the average daily insolation for the location 
and array orientation. This may be an average for 
either a certain month or the entire year. 

@DE Calculate average daily energy production during 


the chosen period (month or year). To convert 
from watt-hours to kilowatt-hours, divide by 


1000. 
E- P, X PSH 
D-DD 


If the final system output is not within the dcsired range, 
such as above a minimum size requirement for an incentive 
program, different module and/or inverter choices can be 
made that change the calculation results. 
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STAND-ALONE SYSTEM SIZING OE 


Load Analysis 


e; 


load 


OE 


AC 


Enter number of loads of a given description. 

All loads within a description must use the same 

power type (AC or DC) and have the same power &9 n 
rating and operation time. AC loads and DC loads 

are listed separately, but require the same types 

of information. D: 
Enter the power rating of the load type. 

Enter the operating time of the load type. 

Calculate the daily energy consumption of each 

load type individually. 


Pn load ou 
Q-4»*ex€ 

Calculate the total AC power requirement, if every 
load operated simultaneously. 


P c = sum of all P... for AC loads 
© = sum of all @ for AC loads 


Calculate the total DC power requirement, if every 
load operated simultaneously. 


P pc = sum of all Paa for DC loads 
@ = sum of all @ for DC loads 


Calculate the total energy consumption by all AC 
loads. 


Ec = sum of all E paa fOr AC loads 


@eE 


SDC 


Calculate the total energy consumption by all DC 
loads. 


Epc = sum of all E aa for DC loads 
@ = sum of all € for DC loads 


Enter the inverter power conversion efficiency. 
This value should be in the inverter specifications. 
Typical values are 90% to 95% (0.90 to 0.95). 


Calculate the weighted average operating time for 
all of the loads. Each load's energy consumption 
and operating time is included. If the system in- 
cludes AC loads, their AC energy consumption is 
first converted to equivalent DC energy consump- 
tion by dividing by the inverter efficiency. 


(E xt)« (xt)... (E, xt.) 


ii EIE RE 
m (O*6)-(O*0)-...-(9*€») 
= O-O-..-€ 


Calculate the total daily DC energy required to 
supply all of the loads during this month. 


E 
Espc = E + Epe 
& 
o-2.o0 


A load analysis must be done for each month individually, 


€ = sum of all € for AC loads unless the load operations are constant throughout the year. 


Load Analysis Worksheet 


Mas 
ü 


Load Description 


Total AC Power 

Total DC Power 

Total Daily AC Energy Consumption 
Total Daily DC Energy Consumption 
Inverter Efficiency 

Weighted Operating Time 

Average Daily DC Energy Consumption 


| Operati ng 
Time Consumption 
(hr/day) (Wh/day) 


Wh/day 
Wh/day 


hr/day 
Wh/day 
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STAND-ALONE SYSTEM SIZING €D critical design month 


Critical Design Analysis 


«D E,,; Enter the total required daily system DC en- 
ergy calculated from the load analyses for each 
month. 


@ PSH Enter the average daily insolation for the location 
and possible array orientations for each month. 
This information may be found in the solar radia- 
tion data set for the nearest location. 


«5 design ratio «5 E, 
Calculate the design ratio for each month and each 
array orientation. «D Lon 
design ratio = —C. 


nergy 
Consumption 


Determine the critical design month. For each 
orientation, identify the month with the highest 
design ratio. This is the critical design month for 
this orientation. If there are multiple orientations 
in the analysis, identify the orientation cor- 
responding to the lowest critical design month 
design ratio. This is the selected array orientation. 
This orientation's critical design month is the 
selected critical design month. 


Enter the total required daily system DC energy 
for the critical design month. 


Enter the average daily insolation for the se- 
lected array orientation during the critical design 
month. 


Array Orientation 3 


| insolation Insolation e insolation 5 : 
(Whiday) | (pSH/day) (PSH/day) (PSH/day) | Design Ratio 


Critical Design Month 

Optimal Orientation 

Average Daily DC Energy Consumption 
Insolation 
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STAND-ALONE SYSTEM SIZING 


Battery-Bank Sizing Average Daily DC Energy Consumption 


B E , Enter the total required daily system DC energy for Critical Design Month 


for the critical design month. DC System Voltage 
Autonomy 


Required Battery-Bank Output 


Battery-Bank Sizing Worksheet 


117) V;pc Enter the nominal DC-system voltage. 
@ » Enter the desired system autonomy. 


«5 B , Calculate the required battery-bank output. Allowable Depth-of-Discharge 
Ea Xi, Weighted Operating Time 
Br. zx V. Discharge Rate 
e Minimum Expected Operating Temperature 
D- «» X «5 Temperature/Discharge Rate Derating Factor 
(17) Battery-Bank Rated Capacity 
€» DOD, Enter an allowable depth of discharge. For deep- - 
cycle lead-acid batteries, a typical value if 80% Selected Battery Nominal Voltage 
(0.80). Selected Battery Rated Capacity 
D b, Enter the weighted average operating time for all 
of the loads. This value is calculated in the load Number of Batteries in Series 
analysis for the critical design month. Number of Battery Strings in Parallel 
@ P Calculate the average battery-bank discharge Total Number of Batteries 
rate. 
x xt, Actual Battery-Bank Rated Capacity 
^ DOD, 
Load Fraction 
e- a x 18] Average Daily Depth-of-Discharge 
€» 
@ T, Enter the minimum expected operating tempera- © Parane Calculate the number of battery strings required 
ture for the battery bank. 5 bs Mw ber Round the result up 
o the nearest whole number. 
(23) C,, Determine the derating factor associated with 
the batteries’ minimum operating temperature " B oi 
and discharge rate. This information is typically M parallel = B 
found on charts or graphs available from the bat- ga 
tery manufacturer. (24) 
(24) B ,, Calculate the rated capacity required for the bat-  @& 
tery bank. : : 
@® n,, Calculate the total number of batteries required 
B = Bou for the battery bank. 
rated — 
DOD, P Cr, d D = ae x W azte 
D €5-€»*€95 
D- DxD €» B ua Calculate the actual battery-bank rated capacity. 
f =B x 
(25) V a Enter the nominal voltage of the selected bat- actual ~ batt 7 parallel 
tery. €» - €» x €5 
€» B,, Enter the rated capacity of the selected battery. D LF Determine the load fraction for the battery-bank 
e» n.,, Calculate the number of batteries required to be we value iun 
connected in series. €D DOD,,, Calculate the average daily depth of discharge. 
V. LF x E 
noe = = DOD ve s “ 
V B cum x Vspc 
e-29 @-2*® 
@ DxD 


STAND-ALONE SYSTEM SIZING 
Array Sizing 


€D ; 


array 


rated 


€» c 


YON 


Enter the total required daily system DC energy 
for the critical design month. This information is 
from the critical design analysis. 


Enter the nominal DC-system voltage. 


Enter the average daily insolation, in peak sun 
hours, for the selected array orientation during 
the critical design month. This information is from 
the critical design analysis. 


Enter battery charging efficiency. Typical values 
for most battery systems range from 85% to 95% 
(0.85 to 0.95). 


Calculate the required array maximum-power 
current, 


t 


ento 


Tos x Vic xt PSH 


€D= et e 
BOP 
Enter the derating factor for array soiling. Typical 


values for most systems range from 90% to 95% 
(0.90 to 0.95). 


Calculate the required array maximum-power 
current rating. 


array 


Enter the relative temperature coefficient for 
voltage. This value may be given by the mod- 
ule manufacturer. Otherwise, a typical value is 
—0.4%/°C (-0.0047°C). 

Enter the maximum expected ambient temperature 
for the array location. This information can be 
found in the solar radiation data set for the nearest 
location. 

Enter the reference temperature associated with 
the maximum-power voltage rating. This value is 
typically 25°C. 

Calculate the required array maximum-power 
voltage rating. 


Vee uo Vee Ga e Yi; 


rated Vspc soc X Cay? 
@ = 12x (D+ ID Dx ED - €))I) 
Enter the maximum-power current rating for the 
selected module. 

Enter the maximum-power voltage rating for the 
selectcd module. 


Enter the maximum power rating for the selected 
module. 
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Array Sizing Worksheet 
Average Daily DC Energy Consumption 
for Critical Design Month 
DC System Voltage 
Critical Design Month Insolation 


Battery Charging Efficiency 


Required Array Maximum-Power Current 


Soiling Factor 
Rated Array Maximum-Power Current 


Temperature Coefficient for Voltage 
Maximum Expected Module Temperature 
Rating Reference Temperature 

Rated Array Maximum-Power Voltage 


Module Rated Maximum-Power Current 
Module Rated Maximum-Power Voltage 
Module Rated Maximum Power 


Number of Modules in Series 
Number of Module Strings in Parallel 


Total Number of Modules 


Actual Array Rated Power 


Calculate the number of modules required to be 
connected in series. Round the result up to the 
nearcst whole number. 


rated 
Series V 
mp 


_@ 
o0 


Calculate the number of module strings required 
to be connected in parallel. Round the result up 
to tbe nearest whole number. 


(45 


parallel 


rated 
A parallel ES I 
mp 


€» 


e 


Calculate the total number of modulesin the array. 


n 


di = series erate 
0-0: 


Calculate the actual array rated power. 


actual 


actual oe x od 


O-O: 
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ELECTRICAL ABBREVIATIONS 


Kilo (1000) 


= Ampere - 


Air Conditioner 
Altemating Current 


Assured Equipment Grounding Program 


Air Handler 
Ambulatory Health Care Center 
Authority Having Jurisdiction 

Ampere Interrupting Rating 

Aluminum 

American Nationa! Standards Institute 
Adjustable-Trip Circuit Breaker 
American Wire Gauge 

Bonding Jumper 

Celsius 

Cable Antenna Television 

Circuit Breaker 

Chapter 

Circular Mils 

Code-making Panel 

Copper 

Direct Current 

Diameter 

Double Pole 

Voltage 

Equipment Bonding Jumper 

Efficiency 

Equipment Grounding Conductor 
Exception 

Fahrenheit 

Full-Load Amperes 

Full-Load Current 

Fine Print Note 

Frame 

Ground 

Grounding Electrode Conductor 
Grounding Electrode System 

Ground Fault Circuit Interrupter 
Ground Fault Protection of Equipment 
Green 

Heating, Air-Conditioning, Refrigeration 
Horsepower 

Hours 

Current 

Immersion Detection Circuit interrupter 
isolated Ground 

Inch 

Instantaneous-Trip Circuit Breaker 
Inverse-Time Circuit Breaker 
Conductor Resistivity 


LRC 


MBJ 


1000 Circular Mils 

1000 Feet 

Kilovolt-Ampere 

Kilowatt 

Kilowatt-Hour 

Line 

Less-Flammable, Liquid-Insulated 
Lighting Pane! 

Locked-Rotor Ampacity 
Locked-Rotor Current 

Motor Branch-Circuit, Short-Circuit, Ground-Fault 
Main Bonding Jumper 

Main Control Center 

Neutra! 

Nonadjustable-Trip Circuit Breaker 
National Electrical Code® 

National Electrical Manufacturers Association 
Nationa! Electrica! Safety Code 
National Fire Protection Association 
Number 

Non-Time Delay Fuse 
Overcurrent Protection Device 
Overload(s) 

Occupational! Safety and Health Administration 
Power 

Personal Computer 

Power Factor 

Resistance; Resistor 

Root Mean Square 

Receipt of Comments 

Receipt of Proposals 

Service Factor 

Single-Pole 

Single-Pole Circuit Breaker 
Square Foot (Feet) 

Switched Disconnect 

Time 

Time-Delay Fuse 

Thermally Protected 

Underground Feeder 
Underwriters Laboratory 

Volts 

Volt-Ampere 

Volts Alternating Current 

Voltage Drop 

Watts 

White 

Weatherproof 


METRIC TO ENGLISH EQUIVALENTS 


kiloliter 


/— hectoliler 
 dekaiite 


Gees 
> milligram 


109, 8€ yd 
32. 81^ 


- 39. ar 


0.061 cu in. 


i 6t. .023 cu in n. 


119.60 sq yd ad 
0.15 55 sq in. 4 


1.307 cu yd — 


B 0 M 


mE 908 qi 
0. 908 qi 


1.057 at 
S 057 a] 


0.27 fidr 


2:0: 353 oz is 32 p 
0. 353 oz 
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ENGLISH TO METRIC EQUIVALENTS 


U.S. liquid 
measure 


British imperial liquid 
and dry measure 


avoirdupois 


1.609 km 
5029m — — 
i 0.9144 m 
— 80. 48 LE 
| 254com | 
2.590 km? 


ES uare rod 


“square yard 


= square foot | - 


square inch 
cubic yard - 


- cubic foot 
‘cubicinch | - 


3.697 ml 
minim ^ | 0.61610 mi 
bushel 
peck — 
Bs 
pint 
) bushel ; 
Š peck a 
gallon 
quart 
pint | 568.26. cm? 
gil E O 142. 066 c cm? 


a 


. fluidounce E! 


"cuz ia i 


minim ^ | 0.59194cm? — — 
short ton 1 0.907 t 


?ongton |. 1016t —— 


0.454 kg | 
283509 — 
1.772 g 
 Q0648g 
pound 
ounce 


| pennyweight | 1 


grain 
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METRIC PREFIXES 
1,000,000,000,000 = 10! ; 
/1,000,000,000 = 10° git : © bilion | 
1,000,000 = 108 — /— — M .  Hmillon 
|. 100-10 — ki | thousand - 
Dogs MESE NE 
ten 
unit 


= 0.000001 = T P iro | E. a millionth - 
0.000000001 = ; billionth 


~ 0.000000000001 : 4072 D pi on x (0 trillionth — 


METRIC CONVERSIONS 


a 
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THREE-PHASE VOLTAGE VALUES 


For 208 V x 1.732, use 360 
For 230 V x 1.732, use 398 
For 240 V x 1.732, use 416 


For 440 V x 1.732, use 762 
For 460 V x 1.732, use 797 
For 480 V x 1.732, use 831 
For 2400 V x 1.732, use 4157 
For 4160 V x 1.732, use 7205 


Ohm's Law 

Ohin’s law is the relationship between the voltage, current, 
and resistance in an electrical circuit. Ohm’s law states that 
current in a circuit is proportional to the voltage and 
inversely proportional to the resistance. 


Power Formula VALUES IN INNER CIRCLE 
The power formula is the relationship between the voltage, Nl CORRE ER E 
current, and power in an electrical circuit. The power OUTER CIRCLE 

formula states that the power in a circuit is proportional to 

the voltage and the current. OHM’S LAW AND POWER FORMULA 


POWER FORMULAS — 16, 36 


Example 


| To Find escasa 


32,000 VA, D _ 82,000 VA 


t= "240 V 
uU 
VA-IxV 

VA = 100A x 240 V 


72,000 VA, 
208 V 


2 A, | ! a 
wa | VA = 2 x 416 


VA - 832 VA 
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SELECTED ELECTRICAL SYMBOLS 


HEATING ELEMENT 


Appendix 449 


ENCLOSURE TYPES 


1 ' Indoor No unusual Rod entry, rust resistance 
; Outdoor : Windblown dust, rain, sleet, Rain, external icing, dust, and Do not provide protection 
3 and ice on enclosure rust resistance against internal 
' condensation or 
E d internal icing 
Outdoor Falling rain and ice on Rod entry, rain, external icing, | Do not provide protection 
3R enclosure and rust resistance against dust, internal 
condensation, or 
T internal icing 
, Indoor/outdoor Windblown dust and rain, Hosedown, external icing, and Do not provide protection 
4 splashing water, hose- rust resistance against internal 
directed water, and ice on condensation or 
enclosure internal icing 
Indoor/outdoor ` Corrosion, windblown dust and Hosedown, external icing, and Do not provide protection 
AX . rain, splashing water, hose- corrosion resistance against internal 
directed water, and ice on condensation or 
enclosure internal icing 
. Indoor/outdoor : Occasional temporary 
6 | submersion at a limited 
depth 
6P ; Indoor/outdoor | Prolonged submersion at a 
. limited depth l ; 
Indoor locations . Withstand and contain a Explosion, hydrostatic, and Enclosed heat-generating 
| classified as Class |, * internal explosion of specified ^ temperature devices shall not cause 
7 Groups A, B, C, or D, gases, contain an explosion external surfaces to reach 
as defined in the ' sufficiently so an explosive gas- temperatures capable of 
NEC? air mixture in the atmosphere igniting explosive gas-air 
is not ignited mixtures in the atmosphere. 
. Indoor locations |Dust — Dust penetration, temperature, Enclosed heat-generating 
: classified as Class Il, and gasket aging devices shall not cause 
Groups E or G, as external surfaces to reach 
3 defined in the NEC? temperatures capable of 
igniting explosive gas-air 
mixtures in the atmosphere 
= | Indoor Dust, falling dirt, and dripping i Drip, dust, and rust resistance Do not provide protection 
120° . noncorrosive liquids against internal 
condensation 
"is co n - Dust, spraying water, oil, and ` Oil explosion and rust Do not provide protection 


13 . noncorrosive coolant resistance against internal 
| ' condensation | 
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|, HP known 


l, id known E 


kW 
kVA 
HP (output) 


Es = efficiency 


V,, = voltage unbalance (%) 
V, = voltage deviation (V) 
V, = voltage average (V) 


100 = constant 


and fixed-trip CBs as follows: 
15, 20, 25, 30, 35, 40, 45, 
50, 60, 70, 80, 90, 100, 110, 
125, 150, 175, 200, 225, 
250, 300, 350, 400, 450, 
500, 600, 700, 800, 

1000, 1200, 1600, 


kW x 1000 


STANDARD SIZES OF FUSES AND CBs 


NEC® 240-6(a) lists standard ampere ratings of fuses 


2000, 2500, 3000, 4000, 5000, 6000 


AC/DC FORMULAS 


4, 115 or 220V - 
HP x 746 
Ex Em x PF 

kW x 1000 
[E $« IPP 
kVA x 1000 
E 


1x EX PF 


1000 


JxE 


1000 


| Ix Ex Ey x PF 


746 


. 16, 208, 230, or 2 


HP x 746 


kW x 1000 
E PF 
kVA x 1000 
E 
Ix Ex PF 


Liquidtight Flexible Nonmetallic Conduit 
., Rigid Metal Conduit Mc 
. Rigid Nonmetallic Conduit 


© ExEpxPF 


kW x 1000 
1.73 x E x PF 
kVA x1000 
1763 x E 
^| Ix Ex A73 x PF 
l 1000 - 
Te xa 


_ Electrical Nonmetallic Tubing — 
Pex u 


A 


absorption charging: Battery charging following bulk 
charging that reduces the charge current to maintain 
the battery voltage at a regulation voltage for a certain 
period. 
AC bus hybrid system: A hybrid system that supplies 
loads with AC power from multiple energy sources. 
AC module: A PV module that outputs AC power 
through an interactive inverter attached in place of the 
normal DC junction box. 

active material: The chemically reactive compound on 
a battery cell plate. 

active tracking mount: An array mounting system that 
uses electric motors and gear drives to automatically 
direct the array toward the sun. 

adjustable mounting system: A variation of a fixed-tilt 
array mounting system that permits manual adjustment 
of the tilt and/or azimuth angles to increase the array 
output. 

air mass (AM): A representation of the relative 
thickness of atmosphere that solar radiation must pass 
through to reach a point on Earth’s surface. 

allowable depth of discharge: The maximum 
percentage of total capacity that is permitted to be 
withdrawn from a battery. 

allowable withdrawal load: The force required to 
remove a screw from a material by tensile (pulling) 
force only. 

alternating current (AC): Electrical current that 
changes between positive and negative directions. 

ampacity: The current that a conductor can carry 
continuously under the conditions of use without 
exceeding its temperature rating. 

ampere-hour integrating charge controller: A charge 
controller that counts the total amount of charge 
(in ampere-hours) into and out of a battery and 
regulates charging current based on a preset amount 
of overcharge. 


analemma: A diagram of solar declination against the 
Equation of Time. 

annualized cost: A portion of the total life-cycle cost 
attributed equally to each year of operation. 

apparent power: A combination of true and reactive 
power and is given in units of volt-amperes (VA). 

array: A complete PV power-generating unit consisting 
of anumber of individual electrically and mechanically 
integrated modules with structural supports, trackers, 
or other components. 

array azimuth angle: The horizontal angle between a 
reference direction and the direction an array surface 
faces. 

array reconnect voltage (ARV) setpoint: The voltage 
at which an interrupting-type charge controller 
reconnects the array to the battery and resumes 
charging. 

array tilt angle: The vertical angle between horizontal 
and the array surface. 

authority having jurisdiction (AHJ): An organization, 
office, or individual designated by local government 
with legal powers to administer, interpret, and enforce 
building codes. 

autonomy: The amount of time a fully charged battery 
system can supply power to system loads without 
further charging. 

average daily depth of discharge: The average 
percentage of the total capacity that is withdrawn from 
a battery each day. 

avoided cost: The cost that a utility would normally incur 
to generate a given amount of power, often synonymous 
with the wholesale market value of electricity. 


B 


back-fed circuit breaker: A circuit breaker that allows 
current flow in either direction. 

balance-of-system (BOS) component: An electrical or 
structural component, aside from a major component, 
that is required to complete a PV system. 
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basic wind speed: The maximum value of a 3 sec gust 
at 33' (10 m) elevation, which is used in wind load 
calculations. 

battery: A collection of electrochemical cells that are 
contained in the same case and connected together 
electrically to produce a desired voltage. 

battery bank: A group of batteries connected together 
with series and parallel connections to provide a 
specific voltage and capacity. 

battery cell: The basic unit in a battery that stores 
electrical energy in chemical bonds and delivers this 
energy through chemical reactions. 

battery load tester: A test instrument that indicates 
battery health by drawing a high discharge current 
from a battery for a short period. 

bimodal system: A PV system that can operate in 
either utility-interactive or stand-alone mode, and uses 
battery storage. 

blocking: The addition of lumber under a roof surface 
and between trusses or rafters as supplemental 
structural support. 

blocking diode: A diode used in PV source circuits to 
prevent reverse current flow. 

breakdown voltage: The minimum reverse-bias voltage 
that results in a rapid increase in current through an 
electronic device. 

building-integrated photovoltaic (BIPV) array: A fixed 
array that replaces conventional building materials with 
specially designed modules that perform an architectural 
function in addition to producing power. 

building code: A set of regulations that prescribes the 
materials, standards, and methods to be used in the 
construction, maintenance, and repair of buildings 
and other structures. 

bulk charging: The battery charging at a relatively high 
charge rate that charges the battery up to a regulation 
voltage, resulting in a state of charge of about 80% 
to 90%. 

bypass diode: A diode used to pass current around, rather 
than through, a group of PV cells. 


C 


capacity: The measure of the electrical energy storage 
potential of a cell or battery. 

captive electrolyte: Electrolyte that is immobilized. 

catalyst: A substance that causes other substances 
to chemically react but does not participate in the 
reaction. 


catalytic recombination cap (CRC): A vent cap that 
reduces electrolyte loss from an open-vent flooded 
battery by recombining vented gases into water. 

charge acceptance: The ratio of the increase in battery 
charge to the amount of charge applied to the battery. 

charge control algorithm: A programmed series of 
functions that a charge controller uses to control 
current and/or voltage in order to maintain battery 
state of charge. 

charge controller: A device that regulates battery 
charge by controlling the charging voltage and/or 
current from a DC power source, such as a PV array. 

charge controller setpoint: A battery condition, 
commonly the voltage, at which a charge controller 
performs regulation or switching functions. 

charger: A device that combines a rectifier with filters, 
transformers, and other components to condition DC 
power for the purpose of battery charging. 

charging: The process of a cell or battery receiving 
current and converting the electrical energy into 
chemical energy. 

circuit breaker: An electrical switch that automatically 
opens as a means of overcurrent protection, and that 
can be manually opened as a disconnecting means. 

clamping voltage: The voltage at which a surge arrestor 
initiates its transient protection. 

combiner box: A junction box used as the parallel 
connection point for two or more circuits. 

commissioning: The starting and operation of a PV 
system for the first time. 

concentrating collector: A solar energy collector that 
enhances solar energy by focusing it on a smaller area 
through reflective surfaces or lenses. 

concentrating solar power (CSP): A technology that 
uses mirrors and lenses to reflect and concentrate solar 
radiation from a large area onto a small area. 

construction bond: A contract in which a surety 
company assures that a contractor will complete their 
Work in accordance with contracting laws. 

cost analysis: A comparison of two or more options that 
considers both the cost and value of each. 

critical design ratio: The ratio of electrical energy 
demand to average insolation during a period. 

critical design month: The month with the highest 
critical design ratio. 

current unbalance: The unbalance that occurs when 
current is not equal on the three power lines of a 
three-phase system. 


current-voltage (I-V) characteristic: The basic 
electrical output profile of a PV device. 


cutoff voltage: The minimum battery voltage specified 
by the manufacturer that establishes the battery 
capacity at a specific discharge rate. 

cycle: 1. A battery discharge followed by a charge. 2. 
The interval of time between the beginnings of each 
waveform pattern. 


D 


data acquisition: The recording and processing of data 
from a monitoring system. 

DC bus hybrid system: A hybrid system that combines 
DC power output from all energy sources, including 
the PV array, for charging the battery bank. 

DC-DC converter: A device that converts DC power 
from one voltage to another. 

dead load: A static structural load due to the weight 
of permanent building members, supported structure, 
and attachments. 

dedicated space: The clear space reserved around 
electrical equipment for the existing equipment and 
potential future additions. 

deficit charge: A charge cycle in which less charge is 
returned to a battery bank than what was withdrawn 
on discharge. 

delamination: The separation of the bonded layers 
of glass and/or plastic encasing the PV cells of a 
module. 

depth of discharge (DOD): The percentage of 
withdrawn energy in a battery compared to the fully 
charged capacity. 

design load: A calculated structural load used to 
evaluate the strength of a structure to failure. 

diffuse radiation: Solar radiation that is scattered by 
the atmosphere and clouds. 

direct-coupled PV system: A type of stand-alone 
system where the output of a PV module or array is 
directly connected to a DC load. 

direct current (DC): Electrical current that flows in 
one direction, either positive or negative. 

direct mount: A type of fixed-tilt array mounting 
system where modules are affixed directly to an 
existing finished rooftop or other building surface, 
with little or no space between a module and the 
surface. 

direct radiation: Solar radiation directly from the sun 
that reaches Earth's surface without scattering. 

discharging: The process of a cell or battery converting 
chemical energy to electrical energy and delivering 
current. 


Glossary 453 


disconnect: A device used to isolate equipment and 
conductors from sources of electricity for the purpose 
of installation, maintenance, or service. 

discount rate: The rate at which the value of future 
money is reduced to its present value. 

distributed generation: A system in which many 
smaller power-generating systems create electrical 
power near the point of consumption. 

diversionary charge controller: A charge controller 
that regulates charging current to a battery system by 
diverting excess power to an auxiliary load. 

diversion load: An auxiliary load that is not a critical 
system load, but is always available to utilize the full 
array power in a useful way to protect a battery from 
overcharge. 

doping: The process of adding small amounts of 
impurity elements to semiconductors to alter their 
electrical properties. 

dual-axis tracking: A sun-tracking system that rotates 
two axes independently to exactly follow the position 
of the sun. 

dual metering: The arrangement that measures 
energy exported to and imported from the utility grid 
separately. 

duty cycle: The percentage of time a load is operating. 


E 


ecliptic plane: The plane of Earth's orbit around 
the sun. 

efficiency: The ratio of power output to power input. 

electrical inspector: A local official qualified to evaluate 
electrical installations in the field for compliance with 
applicable codes and standards. 

electrolyzer: An electrochemical device that uses 
electricity to split water into hydrogen and oxygen. 

electrolyte: The conducting medium that allows the 
transfer of ions between battery cell plates. 

electromagnetic radiation: Radiation in the form of 
waves with electric and magnetic properties. 

electromagnetic spectrum: The range of all types of 
electromagnetic radiation, based on wavelength. 

energy audit: A collection of information about a 
facility's or customer's energy use. 

energy cost: An expense related to the energy input of 
an electricity-generating system. 

energy payback: The amount of time a PV system must 
operate to produce enough energy to offset the energy 
required to manufacture the PV system. 
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engine generator: A combination of an internal 
combustion engine and a generator mounted together 
to produce electricity. 

equalizing charging: Current-limited battery charging 
to a voltage higher than the bulk charging voltage, 
which brings each cell to a full state of charge. 

Equation of Time: The difference between solar time 
and standard time at a standard meridian. 

equatorial plane: The plane containing the earth’s 
equator and extending outward into space. 

equinox: Earth’s orbital position when solar declination 
is Zero. 

equipment grounding conductor (EGC): A conductor 
connecting exposed metallic equipment, which might 
inadvertently become energized, to the grounding 
electrode conductor. 

exposure: A wind load factor that accounts for 
the array height and the characteristics of the 
surrounding terrain. 

extraterrestrial solar radiation: Solar radiation just 
outside Earth’s atmosphere. 


F 


family of I-V curves: A group of I-V curves at various 
irradiance levels. 

fill factor (FF): The ratio of maximum power to the 
product of the open-circuit voltage and short-circuit 
current. 

fixed-tilt mounting system: An array mounting system 
that permanently secures modules in a nonmovable 
position at a specific tilt angle. 

flat-plate collector: A solar energy collector that absorbs 
solar energy on a flat surface without concentrating it, 
and can utilize solar radiation directly from the sun as 
well as diffuse radiation that is reflected or scattered 
by clouds and other surfaces. 

float charging: Battery charging at a low charge rate 
that maintains full battery charge by counteracting 
self-discharge. 

flooded electrolyte: Electrolyte in the form of a liquid. 

frequency: The number of waveform cycles in one 
second. 

fuel cell: An electrochemical device that uses hydrogen 
and oxygen to produce DC electricity, with water and 
heat as byproducts. 

fuse: A metallic link that melts when heated by current 
greater than its rating, opening the connection and 
providing overcurrent protection. 


G 


galvanic corrosion: An electrochemical process that 
causes electrical current to flow between two dissimilar 
metals, which eventually corrodes one of the materials 
(the anode). 

gassing: The decomposition of water into hydrogen and 
oxygen gases as the battery charges. 

gassing voltage: The voltage level at which battery 
gassing begins. 

gas turbine: A device that compresses and burns a fuel- 
air mixture, which expands and spins a turbine. 

generator: A device that converts mechanical energy into 
electricity by means of electromagnetic induction. 

grant: A one-time monetary payment for certain types 
of projects. 

grid: 1. The utility's network of conductors, substations, 
and equipment that distributes electricity from its 
central generation point to the consumer. 2. A metal 
framework that supports the active material of a battery 
cell and conducts electricity. 

grounded: The condition of something that is connected 
to the earth or to a conductive material that is connected 
to the earth. 

grounded conductor: A current-carrying conductor 
that is intentionally grounded. 

ground fault: The undesirable condition of current 
flowing through the grounding conductor. 

ground-fault circuit interrupter (GFCI): A device 
that opens the ungrounded and grounded conductors 
when a ground fault exceeds a certain amount, 
typically 4 mA to 6 mA. 

ground-fault protection: The automatic opening of 
conductors involved in a ground fault. 

grounding electrode: A conductive rod, plate, or wire 
buried in the ground to provide a low-resistance 
connection to the earth. 

grounding electrode conductor (GEC): The conductor 
connecting the grounding electrode to the rest of the 
electrical grounding system. 


H 


harmonic: A waveform component at an integer 
multiple of the fundamental waveform frequency. 

H-bridge inverter circuit: A circuit that switches DC 
input into square wave AC output by using two pairs 
of switching devices. 

hybrid battery: A battery that uses a combination of 


plate designs to maximize the desirable characteristics 
of each. 


hybrid system: A stand-alone system that includes two or 
more distributed energy sources. 

hybrid system controller: A controller with advanced 
features for managing multiple energy sources. 

hydrometer: An instrument used to measure the specific 
gravity of a liquid. 


incentive: A monetary inducement to invest in a 
certain type of capital improvement, such as an 
energy-generating system or energy-conservation 
measure. 

incidence angle: The angle between the sun's rays and 
a line perpendicular to the array surface. 

initial cost: An expense related to the design, 
engineering, equipment, and installation of a 
system. 

insolation: The solar irradiation received over a period 
of time, typically one day. 

installed nominal operating cell temperature 
(INOCT): The estimated temperature of a module 
operating in a specific mounting system design. 

integrator: A business that designs, builds, and 
installs complete PV systems for particular 
applications by matching components from various 
manufacturers. 

interconnection agreement: A contract between a 
distributed-power producer and an electric utility 
that establishes the terms and conditions for the 
interconnection. 

interrupting rating: The maximum current that an 
overcurrent protection device is able to stop without 
being destroyed or causing an electric arc. 

interrupting-type charge controller: A charge 
controller that switches the charging current ON and 
OFF for charge regulation. 

inverse square law: A physical law that states that the 
amount of radiation is proportional to the inverse of 
the square of the distance from the source. 

inverter: A device that converts DC power to AC power. 

inverter efficiency: The effectiveness of an inverter at 
converting DC power to AC power. 

islanding: The undesirable condition where a distributed- 
generation power source, such as a PV system, 
continues to transfer power to the utility grid during 
a utility outage. 

I-V curve: The graphic representation of all possible 
voltage and current operating points for a PV device 
at a specific operating condition. 
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J 


J-bolt: A fastener that hooks around a secure support 
structure and has a threaded end that is used with a 
nut to secure items. 

junction box: A protective enclosure used to terminate, 
combine, and connect various circuits or components 
together. 


L 


life-cycle cost: The total cost of all the expenses incurred 
over the life of an electricity-generating system. 

linear-type charge controller: A charge controller 
that limits the charging current in a linear or gradual 
manner with high-speed switching or linear control. 

line-commutated inverter: An inverter whose switching 
devices are triggered by an external source. 

listing: The process used by an NTRL for certifying that 
equipment or materials meet applicable standards. 

live load: A dynamic structural load due to the weight 
of temporary items and people using or occupying 
the structure. 

load: A piece of equipment that consumes electricity. 

load fraction: The portion of load operating power 
that comes from the battery bank over the course of 
a day. 

load reconnect voltage (LRV) setpoint: The voltage 
at which a charge controller reconnects loads to the 
battery system. 

low-voltage disconnect hysteresis (LVDH): The 
voltage difference between the low-voltage disconnect 
(LVD) and load reconnect voltage (LRV) setpoints. 

low-voltage disconnect (LVD) setpoint: The voltage that 
triggers the disconnection of system loads to prevent 
battery overdischarge because it is the minimum voltage 
a battery is allowed to reach under normal operating 
conditions. 


M 


magnetic declination: The angle between the direction 
a compass needle points (toward magnetic north) and 
true geographic north. 

maintenance cost: An expense related to the operation 
and maintenance of a system. 

maintenance log: A collection of past maintenance 
records. 

maintenance plan: A checklist of all required regular 
maintenance tasks and their recommended intervals. 
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maximum power current (/,,): The operating 
current on an I-V curve where the power output is at 
maximum. 

maximum power point (P,,,): The operating point on 
an I-V curve where the product of current and voltage 
is at maximum. 

maximum power point tracker (MPPT): A device 
or circuit that uses electronics to continually adjust 
the load on a PV device under changing temperature 
and irradiance conditions to keep it operating at its 
maximum power point. 

maximum power point tracking (MPPT) charge 
controller: A charge controller that operates the array 
at its maximum power point under a range of operating 
conditions, as well as regulates battery charging. 

maximum power voltage (V,,,): The operating 
voltage on an I-V curve where the power output is 
at maximum. 

meridian: A plane formed by a due north-south 
longitude line through a location on Earth and 
projected out into space. 

micro-hydroelectric turbine: A device that produces 
electricity from the flow and pressure of water. 

model building code: A building code that is developed 
and revised by a standards organization independently 
of the adopting jurisdictions. 

modified square wave: A synthesized, stepped 
waveform that approximates a true sine wave. 

module: A PV device consisting of a number of 
individual cells connected electrically, laminated, 
encapsulated, and packaged into a frame. 

monitoring: The repeated measurement of electrical, 
environmental, or battery parameters at certain 
intervals. 

monocrystalline wafer: A silicon wafer made from 
a single silicon crystal grown in the form of a 
cylindrical ingot. 

multijunction cell: A cell that maximizes efficiency by 
using layers of individual cells that each respond to 
different wavelengths of solar energy. 


N 


nationally recognized testing laboratory (NRTL): 
An OSHA-recognized, accredited safety testing 
organization that certifies equipment or materials to 
meet applicable standards. 

net metering: A metering arrangement where any 
excess energy exported to the utility is subtracted from 
the amount of energy imported from it. 


nominal operating cell temperature (NOCT): A 
reference temperature of an open-circuited module 
based on an irradiance level of 800 W/m?, ambient 
temperature of 20?C (68?F), and wind speed of 1 m/s. 

nominal operating conditions (NOC): A set of 
reference conditions that rates module performance at 
a solar irradiance of 800 W/m?, spectral conditions of 
AM1.5, and at nominal operating cell temperature. 

n-type semiconductor: A semiconductor that has 
free electrons. 


O 


open-circuit voltage (V): 1. The maximum voltage 
on an I-V curve and is the operating point for a PV 
device under infinite load or open-circuit condition, 
and no current output. 2. The voltage of a battery or 
cell when it is at steady-state. 

overcharge: 1. The ratio of applied charge to the 
resulting increase in battery charge. 2. The condition 
of a fully charged battery continuing to receive a 
significant charging current. 

overcurrent protection device: A device that prevents 
conductors or devices from reaching excessively high 
temperatures under high-current loads by opening 
the circuit. 

overdischarge: The condition of a battery state of 
charge declining to the point where it can no longer 
supply discharge current at a sufficient voltage without 
damaging the battery. 


p 


passive tracking mount: An array mounting system 
that uses nonelectrical means to automatically direct 
an array toward the sun. 

payback period: The amount of time (typically in 
years) required for the avoided costs from an alternate 
energy source to match the cost of the chosen energy- 
production system. 

payback point: The point at which the accumulated 
life-cycle cost of one system option matches the total 
life-cycle cost of the other system option. 

peak: The maximum absolute value of a waveform. 

peak sun: An estimate of maximum terrestrial solar 
irradiance around solar noon at sea level and has a 
generally accepted value of 1000 W/m*?. 

peak sun hours: The number of hours required for a 
day's total solar irradiation to accumulate at peak sun 
condition. 


peak-to-peak: A measure of the difference between 
positive and negative maximum values of a waveform. 

period: The time it takes a periodic waveform to 
complete one full cycle before it repeats. 

periodic waveform: A waveform that repeats the same 
pattern at regular intervals. 

permit: Permission from the AHJ that authorizes 
construction work to begin and establishes the 
inspection requirements, but does not represent an 
approval of compliance with codes and standards. 

phase unbalance: The unbalance that occurs when 
three-phase power lines are more or less than 120? 
out of phase. 

photoelectrochemical cell: A cell that relies on 
chemical processes to produce electricity from light, 
rather than using semiconductors. 

photon: A unit of electromagnetic radiation. 

photovoltaic cell: A semiconductor device that converts 
solar radiation into direct current electricity. 

photovoltaic effect: The movement of electrons within 
a material when it absorbs photons with energy above 
a certain level. 

photovoltaics: A solar energy technology that uses 
unique properties of semiconductors to directly 
convert solar radiation into electricity. 

photovoltaic (PV) system: An electrical system 
consisting of a PV module array and other electrical 
components needed to convert solar energy into 
electricity usable by loads. 

plans examiner: A local official qualified to review 
construction plans and documentation for compliance 
with applicable codes and standards. 

plans review: An evaluation of system-design 
documentation as part of the permitting process. 

plate: An electrode consisting of active material 
supported by a grid framework. 

p-n junction: The boundary of adjacent layers of p- 
type and n-type semiconductor materials in contact 
with one another. 

point of connection: The location at which an 
interactive distributed-generation system makes its 
interconnection with the electric utility system. 

pole mount: A type of array mounting system where 
modules are installed at an elevation on a pedestal. 

polycrystalline wafer: A silicon wafer made from a cast 
silicon ingot that is composed of many silicon crystals. 

power conditioning unit (PCU): A device that includes 
more than one power conditioning function. 

power factor: The ratio of true power to apparent 
power and describes the displacement of voltage 
and current waveforms in AC circuits. 
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power quality: The measure of how closely the power 
in an electrical circuit matches the nominal values for 
parameters such as voltage, current, harmonics, and 
power factor. 

primary battery: A battery that can store and deliver 
electrical energy but cannot be recharged. 

production incentive: A recurring payment program 
that provides project owners with cash payments based 
on electricity production. 

profile angle: The projection of the solar altitude angle 
onto an imaginary plane perpendicular to the surface 
of an obstruction. 

p-type semiconductor: A semiconductor that has 
electron voids. 

pulse-width modulation (PWM): A method of 
simulating waveforms by switching a series device 
ON and OFF at high frequency and for variable 
lengths of time. 

push-pull inverter circuit: A circuit that switches DC 
input into AC output by using one pair of switching 
devices and a center-tapped transformer. 

PV output circuit: The circuit connecting the PV power 
source to the rest of the system. 

PV power source: An array or collection of arrays that 
generates DC power. 

PV source circuit: The circuit connecting a group of 
modules together and to the common connection point 
of the DC system. 

PVUSA test conditions (PTC): A set of reference 
conditions that rates module performance at a solar 
irradiance of 1000 W/m?, ambient temperature of 20°C 
(68?F), and wind speed of 1 m/s. 

pyranometer: A sensor that measures the total global 
solar irradiance in a hemispherical field of view. 

pyrheliometer: A sensor that measures only direct solar 
radiation in the field of view of the solar disk (5.7). 


Q 


qualified person: A person with skills and knowledge 
of the construction and operation of electrical 
equipment and installations and is trained in the 
safety hazards involved. 

qualifying facility (QF): A non-utility large-scale 
power producer that meets the technical and 
procedural requirements for interconnection to the 
utility system. 

qualifying-facility agreement: A contract between a 
utility and a qualifying facility that establishes the 
terins and conditions for interconnection and the rates 
or tariffs that apply. 
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R 


rack mount: A type of fixed- or adjustable-tilt array 
mounting system with a triangular-shaped structure 
to increase the tilt angle of the array. 

radiation: Energy that emanates from a source in the 
form of waves or particles. 

reactive load: An AC load with inductive and/or 
capacitive elements that cause the current and voltage 
waveforms to become out of phase. 

reactive power: The product of out-of-phase voltage and 
current waveforms and results in no net power flow. 

rebate: A one-time refund for a portion of an original 
purchase price. 

rectifier: A device that converts AC power to DC power. 

recurring present value factor: A multiplication 
factor for determining the present value of an annually 
recurring cost for a given discount rate. 

reference cell: An encapsulated PV cell that outputs a 
known amount of electrical current per unit of solar 
irradiance. 

renewable energy certificate (REC): A tradable 
commodity that represents a certain amount of 
electricity generated from renewable resources. 

repair cost: An expense related to the restoration of a 
component or system to its nominal operating state 
following damage or wear. 

replacement cost: An expense related to the periodic 
replacement of components with expected lifetimes 
shorter than the expected lifetime of the entire 
system. 

resistive load: A load that keeps voltage and current 
waveforms in phase. 

resonance: The condition when a vibration frequency 
matches the fundamental frequency of the structure. 

reverse bias: The condition of a PV device operating 
at negative (reverse) voltage. 

ribbon wafer: A silicon wafer made by drawing a thin 
strip from a molten silicon mixture. 

root-mean-square (RMS) value: A statistical parameter 
representing the effective value of a waveform. 


S 


sacrificial anode: A metal part, usually zinc or 
magnesium, that is more susceptible to galvanic 
corrosion than the metal structure it is attached to, so 
that it corrodes, rather than the structure. 

salvage value: The monetary value of a system at the 
end of its expected useful lifetime. 


secondary battery: A battery that can store and deliver 
electrical energy and can be charged by passing a 
current through it in an opposite direction to the 
discharge current. 

self-ballasting: An attachment method that relies on the 
weight of the array, support structure, and ballasting 
material to hold the array in position. 

self-commutated inverter: An inverter that can internally 
control the activation and duration of its switching. 

self-discharge: The gradual reduction in the state of 
charge of a battery while at steady-state condition. 

self-regulating PV system: A type of stand-alone 
PV system that uses no active control systems to 
protect the battery, except through careful design and 
component sizing. 

semiconductor: A material that can exhibit properties 
of both an insulator and a conductor. 

series charge controller: A charge controller that limits 
charging current to a battery system by open-circuiting 
the array. 

series-interrupting charge controller: A charge 
controller that completely open-circuits the array, 
suspending current flow into the battery. 

series-interrupting, pulse-width-modulated (PWM) 
charge controller: A charge controller that simulates a 
variable charging current by switching a series element 
ON and OFF at high frequency and for variable lengths 
of time. 

series-linear charge controller: A charge controller that 
limits charging current to a battery system by gradually 
increasing the resistance of a series element. 

short-circuit current (Z): The maximum current 
on an I-V curve and is the operating point for a PV 
device under no load or short-circuit condition, and 
no voltage output. 

shunt charge controller: A charge controller that limits 
charging current to a battery system by short-circuiting 
the array. 

shunt-interrupting charge controller: A charge 
controller that suspends charging current to a battery 
system by completely short-circuiting the array. 

shunt-linear charge controller: A charge controller 
that limits charging current to a battery system by 
gradually lowering the resistance of a shunt element 
through which excess current flows. 

sine wave: A periodic waveform the value of which varies 
over time according to the trigonometric sine function. 

single-axis tracking: A sun-tracking system that 
rotates one axis to approximately follow the position 
of the sun. 


single phasing: The complete loss of one phase on a 
three-phase power supply. 

single present value factor: A multiplication factor for 
determining the present value of a single future cost 
for a given discount rate and period. 

sinusoidal waveform: A waveform that is or closely 
approximates a sine wave. 

site survey: A visit to the installation site to assess 
the site conditions and establish the needs and 
requirements for a potential PV system. 

snow load: A static structural load due to the weight of 
accumulated snow. 

soiling: The accumulation of dust and dirt on an array 
surface that shades the array and reduces electrical 
output. 

solar altitude angle: The vertical angle between the 
sun and the horizon. 

solar azimuth angle: The horizontal angle between a 
reference direction (typically due south in the Northern 
Hemisphere) and the sun. 

solar constant: The average extraterrestrial solar power 
(irradiance) at a distance of 1 AU from the sun, which 
has a value of approximately 1366 W/m’. 

solar day: The interval of time between sun crossings of 
the local meridian, which is approximately 24 hr. 

solar declination: The angle between the equatorial 
plane and the rays of the sun. 

solar energy collector: A device designed to absorb 
solar radiation and convert it to another form, usually 
heat or electricity. 

solar irradiance: The power of solar radiation per 
unit area. 

solar irradiation: The total amount of solar energy 
accumulated on an area over time. 

solar noon: The moment when the sun crosses a local 
meridian and is at its highest position of the day. 

solar time: A timescale based on the apparent motion 
of the sun crossing a local meridian. 

solar window: The area of sky between sun paths at 
summer solstice and winter solstice for a particular 
location. 

solstice: Earth's orbital position when solar declination 
is at its minimum or maximum. 

spanning: The addition of lumber under a roof surface 
and across trusses or rafters as supplemental structural 
support. 

specific gravity: The ratio of the density of a substance 
to the density of water. 

square wave: An alternating current waveform that 
switches between maximum positive and negative 
values every half period. 
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stand-alone PV system: A type of PV system that 
operates autonomously and supplies power to electrical 
loads independently of the electric utility. 

standard meridian: A meridian located at a multiple 
of 15° east or west of zero longitude. 

standard operating conditions (SOC): A set of 
reference conditions that rates module performance at 
a solar irradiance of 1000 W/m’, spectral conditions of 
AM1.5, and at nominal operating cell temperature. 

standard test conditions (STC): The most common and 
internationally accepted set of reference conditions, 
and rates module performance at a solar irradiance of 
1000 W/m, spectral conditions of AM1.5, and a cell 
temperature of 25°C (77°F). 

standard time: A timescale based on the apparent 
motion of the sun crossing standard meridians. 

stand-by losses: The power required to operate inverter 
electronics and keep the inverter in a powered state. 

standoff mount: A type of fixed-tilt array mounting 
system where modules are supported by a structure 
parallel to and slightly above the roof surface. 

starting, lighting, and ignition (SLI) battery: A class 
of battery designed primarily for shallow-discharge 
cycle service. 

state of charge (SOC): The percentage of energy 
remaining in a battery compared to the fully charged 
capacity. 

stationary battery: A class of battery designed for 
occasional deep-discharge, limited-cycle service. 

steady-state: An open-circuit condition where 
essentially no electrical or chemical changes are 
occurring. 

stratification: A condition of flooded lead-acid cells in 
which the specific gravity of the electrolyte is greater 
at the bottom than at the top. 

sulfation: The growth of lead sulfate crystals on the 
positive plate of a lead-acid cell. 

sun path calculator: A device that superimposes an 
image of obstructions on a solar window diagram for 
a given location. 

sun-tracking mount: An array mounting system that 
automatically orients the array to the position of the 
sun. 

supplementary overcurrent protection device: An 
overcurrent protection device intended to protect an 
individual component and is used in addition to a 
current-limiting branch circuit overcurrent protection 
device. 

surge arrestor: A device that protects electrical devices 
from transients (voltage spikes). 
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synchronizing: The process of connecting a generator 
to an energized electrical system. 

system availability: The percentage of time over an 
average year that a stand-alone PV system meets the 
system load requirements. 


T 


tax incentive: A measure to reduce owed taxes as an 
inducement for investment. 

temperature coefficient: The rate of change in voltage, 
current, or power output from a PV device due to 
changing cell temperature. 

temperature-rise coefficient: A coefficient for 
estimating the rise in cell temperature above ambient 
temperature due to solar irradiance. 

terrestrial solar radiation: Solar radiation reaching 
the surface of Earth. 

thin-film module: A module-like PV device with its 
entire substrate coated in thin layers of semiconductor 
material using chemical vapor deposition techniques, 
and then laser-scribed to delineate individual cells and 
make electrical connections between cells. 

total global radiation: All of the solar radiation 
reaching Earth’s surface and is the sum of direct and 
diffuse radiation. 

total harmonic distortion (THD): The ratio of the 
sum of all harmonic components in a waveform to the 
fundamental frequency component. 

traction battery: A class of battery designed for 
repeated deep-discharge cycle service. 

transformer: A device that transfers energy from one 
circuit to another through magnetic coupling. 

transient voltage surge suppressor (TVSS): A surge- 
protective device that limits transient voltages by 
diverting or limiting surge current. 

troubleshooting: A systematic method of investigating 
the cause of system problems and determining the 
best solution. 

troubleshooting level: The depth of examination into 
the equipment or processes that compose a system. 

true power: The product of in-phase voltage and current 
waveforms and produces useful work. 

turbine: A bladed shaft that converts fluid flow into 
rotating mechanical energy. 


U 


ungrounded conductor: A current-carrying conductor 
that has no connection to ground. 


uninterruptible power supply (UPS): A battery- 
based system that includes all the additional power 
conditioning equipment, such as inverters and charge 
controllers, to make a complete, self-contained power 
source. 

utility: A company that produces and/or distributes 
electricity to consumers in a certain region or state. 

utility-interactive system: A PV system that operates 
in parallel with and is connected to the electric utility 
grid. 


V 


varistor: A solid-state device that has a high 
resistance at low voltages and a low resistance at 
high voltages. 

vibration load: A dynamic structural load due to 
periodic motion. 

voltage regulation (VR) setpoint: The voltage that 
triggers the onset of battery charge regulation because 
it is the maximum voltage that a battery is allowed to 
reach under normal operating conditions. 

voltage regulation hysteresis (VRH): The voltage 
difference between the voltage regulation (VR) setpoint 
and the array reconnect voltage (ARV) setpoint. 

voltage unbalance: The unbalance that occurs when the 
voltages of a three-phase power supply or the terminals 
of a three-phase load are not equal. 


W 


wafer: A thin, flat disk or rectangle of base semiconductor 
material. 

waveform: The shape of an electrical signal that varies 
over time. 

wind load: A dynamic structural load due to wind, 
resulting in downward, lateral, or lifting forces. 

wind turbine: A device that harnesses wind power to 
produce electricity. 

working space: The clear space reserved around 
electrical equipment so that workers can inspect, 
operate, and maintain the equipment safely and 
efficiently. 


Z 


zenith: The point in the sky directly overhead a particular 
location. 


zenith angle: The angle between the sun and the 
zenith. 


A 


absorbed glass mat (AGM) batteries, 
163 
absorption charging, 155, 756 
AC bus hybrid system, 110 
accessibility, 363 
AC disconnects, 310, 370 
AC module, 213, 2/3 
AC power, 204 -210 
frequency, 206 
magnitude, 206 
power quality, 207-210 
voltage variations, 208, 208 
signals, 204 
three-phase AC power, 206, 206 
unbalance, 208, 208 
waveforms, 204, 204 —206 
parameters, 206 
active material, 150, 757 
active tracking mount, 266 
adjustable mounting system, 261, 267 
AGM batteries, 163 
AHJ, 17, 60, 344, 351 
air mass (AM), 31-33, 32 
allowable depth of discharge, 154, 154 
allowable withdrawal loads, 274 
calculation, 275 
alternating current (AC), 204, 205. See 
also AC power 
altitude angle, 74, 74 —75, 75 
ambient temperature adjustments, 
292-293 
ampacity, 291—294, 292 
correction factors, 293 
ampere-hour integrating charge con- 
troller, 186, 786 
amplitude. See peak 
analemma, 43, 43 
angle 
altitude, 74, 74-75, 75 
array azimuth, 45, 45, 47, 69, 69 
array tilt, 45, 46, 46—47 
effects of, 48 


seasonal declination, 46 —47, 47 
profile, 75—77, 76, 77 
solar altitude, 43, 44 
solar azimuth, 43—45, 44 
annualized cost, 410—412, 4/2, 413 
aphelion, 38, 39 
apparent power, 210 
architecture, 83 
passive solar design techniques, 20, 
20-21 
array azimuth angle, 45, 47 
vs. compass bearings, 69, 69 
array reconnect voltage (ARV) 
setpoint, 188 
arrays, 90, 90, 109, 776, 134—135, 135 
accessibility, 256, 256 
aesthetics, 258 —260, 259 
attachment methods, 273 —279, 274, 
276, 277 
azimuth angle, 45, 45, 47 
vs. compass bearings, 69 
with charge controllers, 195, 196 
configurations, 251 
construction, 144, 744 
cost analysis, 260, 260, 399 —416 
defined, 135 
density of modules, 67 
disconnects, 309—310, 370 
efficiency, 236, 237 
initial ratings, 251, 257 
location, 66—69, 67 
maintenance, 373—376, 374 
materials used for, 268 — 269 
mechanical considerations, 256—260 
mechanical integration of, 268 --284 
module selection of, 251 
mounting configuration, 132 
mounting design, 359, 360 
mounting systems, 260—267, 261 
building-integrated, 263, 264 
building mounting, 267, 261—263, 
262 
ground mounting, 264—266, 265 
sun-tracking, 266—267, 267 
orientation, 45, 45 
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effects of, 48, 68 
physical characteristics, 256 
required area, 66 
shading, 69-71, 70, 374-375, 375 
sizing calculations, 233, 247 —248, 
246 
critical design analysis, 237 —241, 
238, 239, 241 
DC-system voltage, 240—242, 242 
energy consumption, 234 —235 
example, 252 
load analysis, 233 —237, 234, 235, 
236, 237, 238 
operating time, 235-236 
rated output, 249 —250, 250 
required array output, 247 —248 
sizing methodologies, 230 
bimodal systems, 232 
hybrid systems, 232—233 
interactive systems, 230—231, 237 
stand-alone systems, 231 —232, 232 
structural analysis, 280—281 
structural loads, 269, 269 — 273, 270, 
241 
structural support, 256, 256 
system availability, 242, 242—243, 
243 
thermal effects, 257, 257 —258, 259 
tilt angle, 45, 45—47, 46 
effects of, 48 
weather sealing, 279 —280, 280 
array tilt angle, 45, 45—47, 46 
effects of, 48 
Article 690, 286-287, 287, 334 
ASTM International, 141 
astronomical unit (AU), 26, 27 
authority having jurisdiction (AHJ), 
17, 60, 344, 351 
autonomy, 154, 242 
autotransformer, 216, 276 
auxiliary power sources, 102 
average daily depth of discharge, 
154, 154 
avoided cost, 342, 344 
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back-fed circuit breaker, 308, 337, 337 
balance-of-system (BOS) components, 
13, 80, 97, 97 
basic wind speed, 271—272, 272 
batteries, 91, 94—95, 104, 150, 750, 
151, 378, 379. See also battery 
banks; battery systems 
absorbed glass mat (AGM), 163 
autonomy, 154 
battery systems, 165—170 
capacity of, 152, 752 
captive electrolyte, 162—163, 763 
charging, 154—156, 156, 176—178, 
178 
absorption, 155, 156 
bulk, 155, 156 
equalizing, 156 
float, 156, 756 
overcharge, 177, 177 
undercharge, 178 
charging reaction, 755 
chemistry, 163 
classifications, 161, 761 
defined, 150 
depth of discharge (DOD), 
153—154, 154 
allowable, 154 
average daily, 154, 754 
design, 150—151, /51 
discharging, 152—154, 753 
disconnects, 170 
disposing, 160 
electrieal load analysis, 82, 82 
electrolyte concentration, 157—159 
freezing points of electrolyte, 158 
electrolyte levels, 378, 378 
enclosures, 169 
flooded electrolyte, 162 
catalytic recombination cap (CRC), 
162, 162 
freezing points, 157, 758 
gassing, 156—157 
gassing voltage, 155 
gelled electrolyte, 163 
hybrid, 164 
installing, 81 
labels, 246 
lead-acid, 163—164, 164 
life-span, 159—160 
maintenance, 376—380, 377, 378, 
379 
nickel-cadmium (ni-cad), 164—165, 
165 
overcharge, 157, 177 
overcharge protection, 178, 779 


overcurrent protection, 170 
overdischarge, 179 
protection, 780 
primary, 160 
racks, 169 
recycling, 160 
safety, 166 
secondary, 160 
selection of, 165, 167, 245—246 
short-circuiting, 126 
specific gravity, 157—158 
freezing points of electrolyte, 758 
starting, lighting, and ignition (SLI), 
161, 761 
state of charge (SOC), 153, 154, 
379, 379 
stationary, 161, 767 
stratification in, 159, 759 
sulfation in, 758, 158—159 
traction, 161, 767 
types of, 160—165 
ventilation, 169 
battery banks, 91, 97, 104, 704, 
166—169, 320—321 
capacity, 244, 244—246, 246 
charging, 195 — 197, 197, 198 
configurations, 246 
defined, 91, 97 
disconnects, 321, 327 
operating time, 235—236 
operation, 246—247 
parallel connections, 167, 767, 169 
series connections, 167, 767 
series and parallel connections, 169 
sizing, 243, 243—247, 245 
example, 248—249, 249 
battery-based interactive systems, 107 
battery cells, 150, 751 
battery chemistry, 163 
battery load tester, 380 
battery systems, 320—321 
battery banks (see separate entry) 
charge control, 321 
labels, 365, 365 
bimodal inverters, 213 
bimodal systems, 107, 708, 330—332, 
331 
sizing, 232 
blocking, 275, 276 
blocking diode, 302—303, 303 
bolts, 275, 276 
boron, 716, 119 
BOS components, 13, 80, 97, 97 
breakdown voltage, 140, 747 
building codes, 350, 350 
approved equipment, 352, 352—355 
authority having jurisdiction (AHJ), 
351 


building restrictions, 356-357 
code adoption, 350—351 
compliance of, 59—60 
contractor licensing, 355 —356 
fire-resistance requirements, 354, 354 
International Building Code?, 60 
International Residential Code®, 60 
building-integrated photovoltaic 
(BIPV) array, 263, 264 
building permit, 361, 367 
bulk charging, 155, 756 
bypass diodes, 139—140, 740, 303, 303 


C 


Canadian Standards Association 
(CSA), 353, 353 
capacity, 152, 752 
captive electrolyte, 162 
captive-electrolyte batteries, 162— 163, 
163 
carbon credits, 399, 399 
catalyst, 162 
catalytic recombination cap (CRC), 
162, 162 
cells, 776, 116—122, 117, 123 
fabrication, 122, 722 
materials, 118—119, 779 
multijunction, 118 
photoelectrochemical, 119 
temperature, 131—132 
CE Mark, 353, 354—355 
charge acceptance, 176 
charge control algorithm, 181 
charge-controlled PV systems, 
103—104, 704 
charge controllers, 94—95, 95, 104, 
176, 176—199 
applications, 193—199 
charge acceptance, 176 
defined, 176 
features, 176, 176 
for load activation, 180—181 
maximum power point tracking 
(MPPT), 95 
operating location, 194 
overcharge, 177 
overcharge protection, 178, 179 
overdischarge protection, 179, 180 
ratings, 193—194 
selection criteria, 193, 793 
setpoints (see charge controller 
setpoint) 
system status information, 179, 780 
types, 181 
charge controller setpoint, 187 


adjustments, 791, 191 —192 
charge regulation, 7/87, 187—188 
equalization, 191, 79] 
float charge, 190—191 
load control, 188—190, 789 
critical loads, 190 
temperature compensation, 192— 193 
charge regulation setpoint, 187, 
187—188 
chargers, 95, 96 
charging, 154—156, 156, 176-178, 178 
absorption, 155, 156 
bulk, 155, 156 
equalizing, 156 
float, 156, 156 
normal, 155 
overcharge, 157, 177, 177 
reaction, 155 
undercharge, 178 
CHP technology, 108 
circuit breaker, 315, 305, 305 
for array ground-fault protection, 
314, 315 
circuit protection, 180 
clamping voltage, 319 
code compliance, 59 —60 
codes 
building, 350, 350—357 
conductor insulation, 295, 297 —298 
electrical, 60 
National Electrical Code? (NEC®), 
17, 60, 141, 286-287, 287, 
334, 350 
cogeneration, 108 
collectors 
concentrating, 20 
flat-plate, 19 
solar therrnal energy, 21, 27 
combined heat and power (CHP) 
systems, 108 
combiner box, 302, 302 
commissioning, 370 
documentation, 371 
final checkout, 370, 370 
initial startup, 370—371, 371 
user training, 372, 372 
warranties, 373 
compass, 67, 68, 70 
compass bearings vs. azimuth angles, 
69, 69 
compressed air systems, 93 
concentrating collectors, 20, 20 
concentrating solar power (CSP), 
21-22, 22 
conductors 
grounding conductor sizing, 
316-317, 317 


amne 


grounding terminology, 312 
insulation, 295 —297, 296 
color codes, 297 — 298 
letter codes, 295 
sizes, 290—295, 291 
wiring methods, 290, 296, 296 — 297 
conduit, 304, 304 
consumers, 15 
contractor licensing, 355 —356 
construction bonds, 356 
owner-contractors, 356 
solar contractors, 355 
construction bond, 356 
converters 
DC-DC, 219 
electromechanical rotary, 211 
cost analysis, 399, 401 
financial payback, 412—413, 415 
incentive adjustments, 475, 415-416 
life-cycle cost, 401 —403, 402 
analysis, 401, 406—410, 407, 409, 
411 
value of money, 403, 403 —406, 405 
critical design analysis, 237, 238, 240, 
241, 241 
critical design month, 237, 238, 240 
critical design ratio, 237, 241 
critical loads, 190 
crystalline silicon (c-Si), 118 
current 
maximum power, 126 
requirements for PV systems, 
287—290 
short-circuits, 124—126, 725, 128 
current ratings, 223, 223, 305 
current unbalance, 209 
current-voltage (I-V) characteristic, 123 
I-V curves, 723, 123-130 
with power, 126, 126 
cutoff voltage, 153, 753 
cycle, 154 


D 


data acquisition, 385, 386 
Daylight Saving Time, 43 
DC bus hybrid system, 110 
DC-DC converters, 95, 219 
DC plugs and receptacles, 300, 301 
DC power signals, 204 
DC-systems 

voltage, 240—242, 242 
dead load, 270, 270 
dedicated space, 362, 362 
deficit charge, 178 
delamination, 373, 374 
depth of discharge (DOD), 153— 154, 

154 
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allowable, 154, 154 
average daily, 154, 154 
design load, 269 
Detroit Electrical Joint Apprentice 
Committee (JATC), 51 
device response, 130—134 
solar irradiance, 130—131, 737 
temperature, 131, 737 
diffuse radiation, 30, 57 
diodes, 302—303, 303 
direct-coupled PV systems, 702, 
102-103 
direct current (DC), 204, 204 
direct mount, 261, 261 
direct radiation, 30, 37 
discharge rate, 153, 153 
discharging, 152—154, 153 
disconnect, 309-310, 3/0, 311, 345, 
345—346 
for battery banks, 321, 327 
discount rate, 404, 404 405 
distributed generation, 4, 5, 328, 328 
interconnection concerns, 334 —335, 
335, 336 
point of connection, 336, 336—340 
diversionary charge controller, 184, 785 
diversion load, 184 
documentation, 371 
doping, 116 
dual-axis tracking, 47 
dual-axis tracking mount, 266, 267 
duty cycle, 235 


E 


Earth's orbit, 38 —40, 39, 40 
Earth-sun relationship, 38—45, 39 
ecliptic plane, 39, 39 
efficiency, 127 — 128, 128, 224 
inverter, 224, 224 
electrical codes, 60 
electrical connections, 136—138 
junction boxes, 136, 136 
parallel, 138, 138 
series, 136—138, 737 
electrical diagram, 357 —358, 359 
electrical equipment. See equipment 
electrical inspcctor, 351 
electrical load, 96—97 
critical load backup, 107 
electrical safety system, 350, 350 
electrical source systems, 98 
engine generators, 98, 98—99 
fuel cells, 101, 707 
gas turbines, 99—100, 700 
micro-hydroelectric turbines, 101 
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uninterruptible power supply (UPS), 
100 
wind turbines, 100— 101, 707 
electricity distribution, 3—4, 4, 5 
electric utilities, 3—4, 4 
electrolyte batteries, 150 
captive, 162—163, 763 
absorbed glass mat (AGM), 163 
gelled, 163 
containment, 169 
flooded, 162 
catalytic recombination cap (CRC), 
162, 162 
freezing points, 157, 758 
hazards, 166 
electrolyte concentration, 157 — 159, 
158, 159 
electrolyte levels, 378, 378 
electrolyzers, 101 
electromagnetic radiation, 29 
electromagnetic spectrum, 29, 30 
electromechanical rotary converters, 211 
electrons, 717, 117—118 
enclosures, 169 
end users, 15 
energy audit, 82 
energy conservation, 82—84, 83 
energy consumption, 234—235 
energy cost, 402, 403 
energy efficiency, 236 
energy payback, 414—415 
energy storage, 90—93, 97, 92, 104 
large-scale, 93 
engine generators, 95, 98 —99, 
408—410, 409 
equalization setpoints, 191, 797 
equalizing charging, 156 
Equation of Time, 42, 42—43 
equatorial plane, 39, 39 
equinoxes, 40 
equipment 
disconnects, 310—311, 377 
grounding, 312, 3/2, 316-317, 317 
conductor sizing, 3/7 
labels and marking, 363—366, 364, 
365, 366 
maintenance, 380—381, 387 
specifications, 358, 359 
tools and testing, 381 
equipment grounding conductor (EGC), 
312, 312 
estimates, 84 
solar irradiance, 29 
ETL Listed Marks, 354 
exposure, 271—272 
extraterrestrial solar radiation, 28 — 30, 
31, 35 


solar constant, 28 
wavelength distribution, 3/ 


F 


fall protection, 62—63, 63, 64 

family of I-V curves, 131 

Federal Energy Regulatory Commis- 

sion (FERC), 344 

fill factor, 127, 127 

fire-rating classifications, 354 

fixed-tilt mounting system, 261, 267 

flat-plate collectors, 19, 79 

flat-plate modules, 139 

float charge setpoints, 190—191 

float charging, 156, 756 

flooded electrolyte, 162 

flywheels, 91—92, 92 

frequency, 206 

fuel cells, 101 

fuse, 304—305, 305, 307 
replacement, 306 


G 


gallium arsenide (GaAs), 118 
galvanic corrosion, 268, 268 
gassing, 156—157 
gassing voltage, 155, 157 
gas turbine, 99— 100, 700 
GEC S312 372 
gelled electrolyte batteries, 163 
generators, 98—99, 329, 329 
engine, 95, 98 —99, 408—410, 409 
gas turbine, 99—100, 700 
government policies, 18-- 19 
energy development, /8 
incentive programs, 18, 85 
quotas, 18 
renewables portfolio standard (RPS), 
18, 79 
grant, 395 
Green Building Rating System™, 2] 
grid, 3, 106, 107, 150 
grid-connected PV systems. See utility- 
interactive PV systems 
grounded, 312, 3/2 
ground fault, 314 
ground-fault circuit interrupter 
(GFCD, 316, 3/6 
ground-fault detection and interruption 
(GFDD, 314 
ground-fault protection, 314—316, 3/5 
ground foundations, 277, 277, 279 
pole foundation, 279 


grounding, 311—320, 5/5 
conductors, 316—317, 3/7 
connections 
corrosion, 374 
continuity, 317 
terminology, 312, 3/2 
grounding electrode, 311 
systems, 311—313, 313 
grounding electrode conductor (GEC), 
Sg. 27 


H 


harmonic, 209, 209, 224 
harmonic distortion. See harmonic 
H-bridge inverter circuit, 215, 276 
hybrid system controller, 185—186, 786 
hybrid systems, 110, 7/0 
sizing, 232 — 233 
hydrometer, 379, 379—380 
refractometer, 380, 380 


IAEI®, 351 
IEEE, 332, 332—333 
incentive, 394, 394—399 
adjustments, 4/5, 415—416 
programs, 18, 85 
from utilities, 394 
incidence angle, 46 
infrared (IR) thermometer, 381, 387 
ingot formation, 119 
monocrystalline silicon, 119, 727 
polycrystalline silicon, 121, 727 
initial cost, 402, 402 
INOCT, 258 
input current, 290 
insolation, 34, 34 
inspection, 361 
accessibility, 363 
checklists, 367 
labels and marking, 363 —366, 364, 
365, 366 
live parts, 363 
working spaces, 362—363, 363 
workmanship, 361, 362 
installation 
customer development, 58, 58 
planning, 85 
proposals, 84—85 
safety, 35 
installed nominal operating cell tem- 
perature (INOCT), 258 


installers, 14, 75 
criteria for, 14 
training programs, 15 
Institute of Electrical and Electron- 
ics Engineers (IEEE), 332, 
332—333 
instrument calibration, 38 
integrator, 13 
interactive-only systems, 330, 331 
labeling, 330 
interactive systems, 80 
overcurrent protection, 308, 308 
sizing, 230, 230—231, 231 
interconnection agreement, 344—346 
interconnection codes and standards, 
332, 332 —334 
interfaces, 226 
data and control, 225 
International Association of Electrical 
Inspectors? (IAEI®), 351 
International Brotherhood of Electrical 
Workers (IBEW), 17 
International Building Code?, 60 
International Residential Code®, 60 
interrupting rating, 306 
interrupting-type charge controller, 181 
Intertek ETL Listed Marks, 354 
inverse square law, 27, 27 
inverter efficiency, 224, 224 
inverters, $0, 80—81, 93—94, 94, 105, 
210-217, 211 
certifications, 220, 220 
current ratings, 223, 223 
data and control interfaces, 225, 226 
defined, 210 
efficiency, 224, 224, 236, 237, 237 
features, 220—225 
frequency ratings, 223 
harmonics, 224 
high-frequency waveform control, 217 
installation, 220 
interactive distributed generation, 
329 —332, 331 
interfaces, 226 
islanding, 106— 107 
listing marks, 220, 220 
low-frequency waveform control, 
216, 217 
maximum current, 290 
nameplates, 220, 220 
overcurrent protection, 308, 308 
physical characteristics, 225 
power factor, 224 
power quality, 96 
power ratings, 220—221, 221 
temperature limitations, 220-221 
protective devices, 225, 225 


PV inverters, 212—214 
AC modules, 2/3, 213—214 
bimodal, 213 
stand-alone, 212, 2/2 
utility-interactive, 212, 213 
selection of, 236-237 
solid-state, 210, 214 
specifications, 220 —225 
square wave, 215, 216 
multistepped modified, 216, 217 
switching control of, 214 —215 
line commutation, 275 
switching devices, 2/4, 214, 215, 221 
voltage ratings, 221 —222, 222 
AC output, 221 
DC input, 222 
islanding, 106 — 107, 334, 335 
I-V curves, 123, 123—130 
with power, 126, 126 


J 


J-bolts, 276, 277 

junction boxes, 136, 736, 301, 302 
module junction box, 301, 302 
PV source-circuit combiner box, 


302, 302 

L 

labels and marking, 363 —366, 364, 
365, 366 


lag screws, 274, 274—275 
calculating allowable withdrawal 
loads, 275 
layout drawings, 81, 67 
lead-acid batteries, 163—164, 764 
Leadership in Energy and Environmen- 
tal Design (LEED5), 21 
licensing, 355-356 
life-cycle cost, 401 2403, 402 
analysis, 401, 406—410, 407, 409, 411 
incentive adjustments, 4/5, 415—416 
lightning protection systems, 
318—319, 319 
lightning strike density, 3/8 
lincar-type charge controller, 181 
line-commutated inverter, 214, 2/5 
listing, /7, 352 
listing marks, 352—355 
Canadian Standards Association 
(CSA), 353, 353 
CE, 353, 354—355 
ETL, 353, 354 
Underwriters Laboratories (UL), 352, 
352—353 
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live load, 270, 271 
live parts, 363 
load analysis, 82, 233—237, 234, 235 
example, 238 —239, 239 
meters, 235 
load control setpoints, 188—190, 7189 
critical loads, 190 
load fraction, 246 
load reconnect voltage (LRV) setpoint, 
189, 189—190 
loads, 2, 96—97, 190 
critical load backup, 107 
load-side interconnections, 336 —339 
capacity, 338 
loan programs, 396 
lockout and tagout, 62, 62 
logistics, 85 
low-voltage disconnect hysteresis 
(LVDH), 789, 190 
low-voltage disconnect (LVD) setpoint, 
189, 189 
low-voltage modules, 199, 199 
lugs, 299, 299—300 


M 


magnetic declination, 68—69, 69, 70 
maintenance cost, 402, 402 
maintenance log, 382 
maintenance plan, 382, 382 
maintenance of PV systems, 373 
arrays, 373—376, 374 
batteries, 376 — 380, 377, 378, 379 
electrical equipment, 380—381, 387 
safety, 372 
tools and testing equipment, 381, 382 
manufacturers of PV systems, 13 
maximum power current, 126, 126 
maximum power point, /26, 126—128 
maximum power point tracker 
(MPPT), 95, 219 
maximum power point tracking 
(MPPT) charge controller, 184, 
184 
maximum power voltage, 126 
maximum system current, 287, 
289—290 
measurement 
devices, 65, 65 
meters, 235 
roof orientation, 68 
roof slope, 66—67, 67 
roof thickness, 79, 79 
meridians, 41 
metcring, 706, 340—341 
basics, 341 
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billing, 346 

devices, 235 

dual, 106, 341, 342 

net, 105, 340, 340—341, 347 

meters, 235 

micro-hydroelectric turbines, 101 

model building code, 350 

modified square wave, 205 —206 

multistepped, 216, 217 

modules, 90, 90, 116, 134—136, 135, 
139 

arrangement, 66, 67 

assembling, 136 

building-integrated, 144 

characteristics of, 139 

defined, 135 

efficiencies, 128 

inspecting, 373 — 374, 374 

nameplate ratings, 142, /42 

performance ratings, 142, 142 

selection, 143— 144 

standards, 141 

test conditions, /42, 142—143 

mold and debris, 375 

monitoring, 383, 384 

output, 385, 385, 386 

parameters, 383 —384, 384 

monocrystalline (single crystal) wafers, 

119, 721 

multijunction cells, 118 


N 


O 


Occupational Safety and Health Admin- 


istration (OSHA), 141 
open-circuit voltage, 124, 724, 151 
operating point, 128—129 
orbital positions, 38—40, 39, 40 
organic cells, 119 
organizations, 15—17 
output circuit, 287, 297 
output current, 290 
overcharge, 157, 177 
overcharge protection, 178, 179 
overcurrent protection 

devices, 304--305, 305 

exceptions, 307 

in PV systems, 306 —309 

servicing fuses, 306 
overcurrent protection device, 

304 —305, 305 

current ratings, 305 
interrupting ratings, 306 
overdischarge, 179, /80 


P 


panels, 135, /35. See also arrays; 
modules 

parallel connections, 138, 738 

parameters, 383 —384, 384 

passive tracking mount, 267 

payback period, 4/2, 412— 413, 413 

payback point, 4/2, 413, 413 

peak, 206, 207, 207 


photovoltaic cells, 6, 776, 116—122, 
117, 123 
development of, 6, 7 
early applications of, 6-8, 7 
fabrication, 122, 722 
materials, 118—119, 7/9 
silicon, 14 
photovoltaic effect, 777, 117—118 
photovoltaics 
defined, 2 
development of technology, 5-8, 
7, 15 
photovoltaic effect, 5, 777, 117—118 
photovoltaic (PV) system components, 
90 
arrays, 90, 90, 109 
balance-of-system (BOS) compo- 
nents, 96, 96 
electrical load, 96 —97 
energy storage systems, 90—92, 9] 
modules, 90, 90 
power conditioning equipment, 
92—96, 94 
power quality equipment, 96 
photovoltaic (PV) systems, 3 
accessibility, 77 —78, 256, 363 
advantages, 2 
applications, 5, 8—12 
portable systems, 9, 9—10, 70 
remote locations, 10— 11, 77 
in space, 9 
supplemental power, 11—12, 72 
utility-scale, 12 
assessing value of, 84—85 


NABCEP, 15, 17 

nameplate ratings, 142, 742 

National Electrical Code? (NEC®), 17, 
60, 141, 286—287, 287, 334, 350 

National Electrical Contractors As- 
sociation (NECA), 17 

Nationally Recognized Testing Labo- 
ratory (NRTL), 352 

navigational aids, 103 

neutral loading, 309, 335, 335 

nickel-cadmium (Ni-Cd) batteries, 


commissioning, 370, 370 —373 
final checkout, 370 
initial startup, 370—371, 371 
system documentation, 371 
system warranties, 373 
user training, 372 
components, 90—97. See also 
photovoltaic (PV) system 
components 
configurations, 102, 102—110, 103, 
104, 105, 106, 108, 110 


peak sun, 33 
peak sun hours, 33, 33 
peak-to-peak, 206 
performance ratings, 141 — 142, 742 
perihelion, 38, 39 
period, 206 
periodic waveform, 204 

sine waves, 204, 204—205 
permitting, 357 

applications, 357—359 


164—165, 165 equipment specifications, 358, 359 cost analysis, 399—416 
nominal operating cell temperature fees, 360 data set calculations, 52 
(NOCT), 143 permit issuance, 361, 361 defined, 2 
nominal operating conditions (NOC), plans review, 360 design, 85 
143 personal protective equipment (PPE), disadvantages, 2—3 


60, 62, 62, 166 
personal safety, 66 
phase unbalance, 209 
phosphorous, 117 
photoelectrochemical cells, 119 
photons, 717, 117—118 
photosphere, 26, 26 


normal charging, 155, 156 
North American Board of Certified 
Energy Practitioners (NAB- 
CEP), 15.17 
NRTL, 352 
n-type semiconductors, 716, 117, 117 
in p-n junction, 117—118 


electrical assessment, 80, 80—81 
estimating array performance of, 52 
estimating cost of, 84 

grounding terminology, 312 
incentives, 394, 394 —399 

increases in installation, 8 

industry, 12, 13 


consumers, 15 
installers, 14, 75 
integrators, 13 
manufacturers, 13 
organizations, 15— 17 
worldwide, 13 
installation planning, 85 
location of equipment, 80, 80 
maintenance of, 372, 373—382 
monitoring, 383—385 
measured parameters, 383—384, 384 
monitoring output, 385, 386 
overcurrent protection, 306-309 
permits, 357-361 
resistance, /29, 129—130 
series, 129, 729 
shunt (parallel), 130, 730 
stand-alone systems 
sizing, 231—232, 232 
subsystems, 386—388, 387 
troubleshooting, 386 -390 
levels, 386 —388, 387, 389 
procedures, 388 —390, 390 
ungrounded, 317—318 
user training, 372, 372 
utility interconnection, 60 
wiring connections, 298, 298 —300 
plans examiner, 351 
plans review, 360 
plates, 150, 751 
plugs and receptacles, 300, 307 
p-n junction, 777, 117—118, 131 
point of connection, 336, 336-340 
interconnection labeling, 340 
pole mount, 265, 265 —266 
polycrystalline wafers, 121, 727 
portable training unit, 120 
power conditioning equipment, 
92 —96, 94 
power conditioning units (PCUs), 92, 
218, 218—219 
DC-DC converters, 219 
maximum power point trackers 
(MPPTs), 219 
rectifiers, 218 
transformers, 2/8, 218-219 
autotransformers, 219, 2/9 
power conversion systems (PCSs). See 
power conditioning units (PCUs) 
power demand, 233—234 
power factor, 209—210, 210, 224 
power generation, 6 
power quality, 92, 96, 207 —210, 334 
preliminary assessment, 58—60 
customer development, 58, 58 
environmental conditions, 59 


primary battery, 160 
production incentive, 397 
profile angle, 75 —77, 76, 77 
proposal preparation, 84—85 
p-type semiconductors, //6, 116, 117, 
122 
in p-n junction, 117—118 
Public Utilities Regulatory Policy Act 
(PURPA), 342, 342 -344 
pulse-width modulation (PWM), 217, 
217 
pumped water systems, 93 
PURPA, 342, 342—344 
push-pull inverter circuit, 216, 276 
PV cells. See photovoltaic cells 
PV circuit currents, 289 
PV circuit voltage, 287 —289, 289 
PV device response, 130—134 
solar irradiance, 130—131, 731 
temperature, 131, 737 
PV modules, 90, 90, 116, 139 
characteristics of, 139 
density of arrangement, 67 
listing requirements, 352-353 
number of installations, 8 
prices, 8 
selection of, 143—144 
shading analysis, 70 
shading effects, 69 —70 
thin film, 251 
PV output circuit, 287, 297 
PV power source, 287 
PV source circuit, 287 
overcurrent protection, 307, 307 
wiring, 296 
PV systems. See photovoltaic (PV) 
systems 
PVUSA test conditions (PTC), 
143—144 
PVWatts? modeling, 52, 53 
PWM charge controller, 183, 183 
pyranometers, 36, 36-37, 37 
calibration, 38 
handheld, 37 
pyrheliometers, 37, 37 


Q 


qualified person, 355 
qualifying facility (QF), 342—344 
qualifying facility agreement, 344 


R 
rack mount, 261—262, 262 


racks, 169 
radiation 
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albedo, 30, 37 
atmospheric effects, 30—33, 37 
defined, 26 
diffuse, 30, 37 
direct, 30, 37 
electromagnetic, 29 
total global, 30 
reactive load, 209—210, 210 
reactive power, 209 
rebate, 395 
REC, 397 —399 
rectifiers, 95, 96, 218 
recurring present value factor, 406, 
406, 407 
reference cells, 38, 38 
refractometer, 380, 380 
renewable energy 
certificate (REC), 397-399 
credits, 18 
options, 59 
projected use of, /8 
renewables portfolio standard (RPS), 
18, 19 
repair cost, 402, 403 
replacement cost, 402, 403 
replacing fuses, 306 
research institutions, 15 
resistance, /29, 129—130 
series, 129, /29 
shunt (parallel), 130, 730 
resistive load, 209, 2/0 
resonance, 273 
reverse bias, 139—140 
ribbon wafers, 121 
RMS values, 206, 207, 207 
roofs 
evaluation, 78 —80, 79, 80 
orientation, 68, 66 
slope, 66—67, 67 
thickness, 79 
root-mean-square (RMS) value, 206, 
207 
rotation of Earth, 41—43 


S 


sacrificial anode, 268, 266 
safety 
batteries, 166 
electrical safety system, 350, 350 
electrical work, 62, 62 
fall protection, 62— 63, 63 
hand and power tools, 64 
installation, 35 
ladders, 63—64, 64 
maintenance, 372 
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personal, 66 
personal protective equipment 
(PPE), 60, 62, 62 
site survey, 60, 62—64, 66 
standards, 141 
sunlight protection, 35 
safety factor, 270 
salvage value, 403 
screw terminals, 299, 209 
seasonal declination, 47 
secondary battery, 160 
classifications, 161, 761 
selenium photoconductive cells, 5—6, 6 
self-ballasting, 276—277, 277 
self-commutated inverter, 215 
self-discharge, 154, 755 
self-regulating navigational aids, 703 
self-regulating PV system, 103, 703, 
197—199, 198 
semiconductors, 716, 116—117, 117 
cell materials, 118—119, 779 
n-type, 117, 122, 122 
p-type, 116, 122 
sensors, 384, 384 
series charge controller, 782, 182—183 
series connections, 136—138, 137 
series-interrupting charge controller, 183 
series-interrupting PWM charge con- 
troller, 183, 783 
series-linear charge controller, 183 
setpoints. See charge controller setpoint 
shading analysis, 69-77, 71 
effects of shading, 70 
short-circuit current, 124— 126, 125 
with zero load resistance, 128 
short-circuiting, 126 
shunt charge controller, 181, 782 
shunt-interrupting charge controller, 181 
shunt-linear charge controller, 181 
silicon, 74, 119, 121 
sine wave, 204, 204—205 
single-axis tracking, 47 
single-axis tracking mount, 266, 267 
single phasing, 208 
single present value factor, 405, 405 
sinusoidal waveform, 204 
site conditions, 59 
site drawings, 357, 358 
site layout drawings, 81, 8/ 
site surveys, 60—84, 61 
accessibility of PV system, 77—78 
electrical assessment, 80—81 
equipment, 64—65, 65 
evaluation of roof, 78— 80, 79, 80 
measuring roof slope, 66—67, 67 
proposals, 84—85 


safety for, 66 
shading analysis, 69 — 77 
site layout drawings, 81, 8/ 
snow load, 272—273, 273 
soiling, 249, 375 
solar altitude angle, 43, 44 
solar architectural design, 20, 20-21 
solar azimuth angle, 43, 44 
solar chemical energy, 22 
solar constant, 28 —29 
solar cooking, 22 
solar day, 41 
solar declination, 39, 39 —40 
seasonal, 47 
solar energy. See solar irradiation; 
solar energy technologies 
solar energy collectors 
concentrating collectors, 20, 20 
defined, 19 
flat-plate collectors, 19, 79 
solar energy technologics, 19 
architectural design, 20, 20—21 
collectors, 79, 19—20, 20 
cooking technologies, 22 
cooling, 21 
electricity, 21 -22 
heating, 21 
lighting, 23 
solar chemical energy, 22 
solar thermal energy, 21 -22 
solar irradiance, 27, 28 
defined, 26 
device response, 130—131, 737 
estimating, 29 
inverse square law, 27, 27 
peak sun, 33, 33 
pyranometers, 36, 36—37, 37 


temperature response, /3/, 131—134 


solar irradiation, 28, 28, 33, 33 
solar lighting, 23 
solar noon, 41 
solar photosphere, 26, 26 
solar power. See solar irradiance 
solar radiation, 26 —38, 37 
albedo, 30 
atmospheric effects, 30—33, 31 
diffuse, 30, 37 
direct, 30 
extraterrestrial, 28 —30 
insolation, 34 
measurement, 36, 36—38, 37 
solar resource, 58—59 
terrestrial, 33 —36 
total global, 30 


solar radiation data sets, 49, 49—50, 59 


calculations, 52 
direct radiation, 52 


north-south tracking, 50 
south tracking, 50 
two-axis tracking, facing sun, 52 
solar resource, 58—59 
solar spectrum, 29 —30, 37 
solar thermal cooling, 21 
solar thermal electricity, 21, 22 
solar thermal energy, 27, 21—22 
solar thermal heating, 21, 27 
solar time, 41 
Equation of Time value, 42, 42—43 
solar window, 45, 45 
solstices, 40, 40 
source circuit. See PV source circuit 
spanning, 275, 276 
specific gravity, 157—159, 158 
spectral distribution, 35, 35 —36 
splices, 300, 300 
square wave, 205 
inverter, 215 —216, 2/6 
stand-alone inverter, 212, 2/2 
stand-alone PV systems, 702, 
102—104, 703, 104, 105 
battery-bank sizing, 243, 243—247 
critical design analysis, 237—240, 238 
overcurrent protection, 308, 
308 —309 
sizing, 231—232, 232 
system availability, 242, 242—243 
voltage rcquirements, 242 
standard meridian, 41, 47 
standard operating condition (SOC), 143 
standards, 17, 17—18, 141 
standard test condition (STC), 142—143 
standard time, 41, 47 
stand-by losses, 224 
standoff mount, 262, 262. —263 
starting, lighting, and ignition (SLT) 
battery, 161, 761 
state of charge (SOC), 153, 154, 379, 
379 
static inverter. See inverters: solid-state 
stationary battery, 161, 761 
steady-state, 151 
stratification, 159, 759 
structural loads, 269, 269—273 
dead loads, 270, 270 
snow loads, 272—273, 273 
vibration loads, 273 
wind loads, 271, 271—272, 272 
subsystems, 386 —388, 387 
sulfation, 758, 158—159 
sun, 26, 26 
sunlight safety, 35 
sun path 
altitude angle method, 74, 74-75, 75 
profile angle method, 75—77, 76, 77 


sun path calculator, 65, 65, 72, 72-73, 


73, 74 
sun path chart, 44, 44—45 
sun tracking, 47, 47 
sun-tracking mount, 266 
supercapacitors, 92, 92 
supplemental power, 11-12 
supplementary overcurrent protection 
device, 307 
supply-side interconnections, 339, 
339-340 
surge arrestor, 319 — 320, 320 
switches 


inverter switching devices, 2/4, 214, 


215 22] 
transfer, 99 
symbols, 729 
synchronizing, 329 


T 


tax incentive, 396, 396—397 
temperature 

effects on battery charging, 192, 

192—193 

temperature coefficient, 132—133 
temperature conversion, /24 
temperature probes, 192, 792 
temperature response, /3/, 131—134 
temperature-rise coefficient, 132 
temperature translations, 134 
terminals, 151, 152—153, 753 
terrestrial solar radiation, 33 —36, 35 
test conditions, 742, 142—143 
test equipment, 65, 65 
thin-film module, 118—119 

initial ratings, 251 
three-phase AC power, 206, 206 

unbalance, 208, 208 
thyristors, 214 
time 

Daylight Saving Time, 43 

solar, 41 

standard, 41, 47 
time-of-use rates, 107 
TOA radiation, 28 
tools and testing equipment, 381 
top-of-atmosphere (TOA) radiation, 28 
total global radiation, 30, 37 
total harmonic distortion (THD), 209 
tracking, 47 

dual-axis, 47 

single-axis, 47 
traction battery, 161, 767 
trade associations, 15 
transfer switches, 99 


transformers, 2/8, 218—219 
autotransformers, 218, 2/8 
transient voltage surge suppressor 
(TVSS), 320 
transistors, 214 
Tri-City JATC, 243 
troubleshooting, 386, 390 
flow chart, 390 
levels, 386—388, 387, 389 
procedures, 388 —390, 390 
true power, 209 
true RMS meters, 207, 207 
turbines, 99 — 101, 700, 101 


U 


unbalanced phases, 335, 336 
Underwriters Laboratories Inc. (UL), 
141 
marks, 17, 17, 352, 352—353 
ungrounded conductor, 312, 372 
disconnects for, 310—311, 377 
ungrounded PV systems, 317—318 
uninterruptible power supply (UPS), 100 
utilities, 4 
connection costs, 408, 409 
defined, 3 
incentives, 394 
interconnection, 60, 107 
rates, 107 
in relation to PV industry, 18 
utility-interactive inverter, 212, 273 
harmonics, 224 
utility-interactive PV systems, 11—12, 
12, 105—107, 106 
interconnection agreements for, 107 
islanding, 106 — 107 
utility interconnection policies, 342 
agreements, 344 — 346, 345 
public utilities regulatory act 
(PURPA), 342, 342—344 
utility-scale PV power plants, 12, 72 


V 


valve-regulated lead-acid (VRLA) 
batteries, 162 
varistor, 320 
vibration load, 273 
voltage 
breakdown, 140, 747 
cutoff, 153, 753 
gassing, 155 
maximum power, 126 
open-circuit, 124, 724, 151 
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ratings, 221 —222, 222 
requirements for PV systems, 
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voltage drop, 194—195, 195, 196, 
294 —295 

voltage regulation hysteresis (VRH), 
188 

voltage regulation (VR) setpoint, 187, 
188 


voltage unbalance, 208 
voltage variations, 208, 208 
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wafers, 119 
monocrystalline, 119, 727 
polycrystalline, 121, 727 
warranties, 373 
waveform control 
high-frequency, 217, 2/7 
low-frequency, 216, 217 
waveforms 
defined, 204, 204 
modified square waves, 205 
periodic, 204 
sine waves, 204—205 
square waves, 205 
wavelength 
electromagnetic spectrum, 29, 30 
extraterrestrial solar spectrum, 37 
weather sealing of structural attach- 
ments, 279 —280, 280 
wind load, 271, 271—272, 272 
wind turbines, 100— 101, 701 
wiring connections, 298, 298—300 
wiring of PV systems 
conductor insulation, 296, 296-297 
color codes, 297 — 298 
insulation codes, 295 
connections, 298 —300 
working space, 362 — 363, 363 
world PV industry, 73 
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zenith, 31 
zenith angle, 31, 32, 44 
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